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Title: Impact of environmental law enforcement on deforestation, land use and natural 
regeneration in the Brazilian Amazon  
Summary 
Humankind is facing one of the most challenging periods in its short history on Planet Earth. These 
challenges have largely arisen as a result of climate change and the loss of tropical forests. Indeed, 
these challenges present two of the greatest environmental challenges of all time. Nevertheless, 
Brazil has recently adopted policies that have greatly reduced forest loss over the past decade or 
more. A strong combination of different policies and actors have made this achievement possible, 
and environmental law enforcement is thought to have played a key role. Therefore, the central 
questions for this thesis is to determine the influence of environmental law enforcement, mostly 
ground operations in the Brazilian Amazon region, on reducing deforestation, reshaping land use 
change, through livestock, agriculture and natural restoration, and the persistence of natural 
regeneration. First, I assess the influence of law enforcement on forest loss reduction through a 
spatial analysis at the municipality level. The results confirmed that law enforcement, along with 
other factors, is an important influence on reducing forest loss. However, law enforcement also has 
to tackle some administrative limitations, as a shift and modernization of the environmental police 
strategy is imperative to face the new challenges, and the appropriate implementation of the rural 
environmental registry policy will be crucial. Second, I explore the possible influence of law 
enforcement on reshaping land use change, focusing on annual crops, livestock and natural 
regeneration, using a difference-in-differences with an entropy balance approach at the municipality, 
private property and settlement levels. I have evaluated the priority municipality policy implemented 
in 2008 that led to an intensification of law enforcement on target municipalities. The results show 
an increased persistence of agriculture and clean pastures, as a substantial increase in natural 
regeneration occurs through abandonment, a reduction of dirty pastures, and suggests an influence 
of law enforcement on this land use dynamic. Annual crops, mostly soy, turned to be an 
agglomerated economy in the central area of Mato Grosso, while extensive pastures are more 
widespread with low levels of occupation and also as part of land speculation. Both activities are 
showing signs of intensification and land sparing, at least for natural regeneration. So, conservation 
policies based on law enforcement have contributed to the reshaping of land use systems in the 
Brazilian Amazon. Although certainly not alone, but in combination with other policies and initiatives. 
This study shows that law enforcement became a stronger component of farmers’ land use 
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investments and decision-making processes. Thus, while pockets of illegality still prevail, 
environmental and land tenure law enforcement will be mandatory. Only with this will it be possible 
to ensure the effectiveness of a sustainable intensification, reduction in forest loss, and fulfil the role 
of spare lands for conservation, agriculture and ultimately achieve a balanced land use system. Third, 
I present results of the possible influence of law enforcement on the persistence of over 41,000 km2 
of natural regeneration during the past 10 years of this study. This question has received much less 
attention than the others, and it is not clear what is driving this persistence of regeneration. 
Therefore, this thesis sought to investigate if this persistence could be a co-benefit of the 
environmental police actions against deforestation. The results suggest a positive effect of command 
and control on the persistence of natural regeneration. This observation has important implications 
for the Brazilian climate change policies and restoration commitments under the Paris Agreement. 
Furthermore, it could represent a substantial contribution to the global restoration targets 
established at CBD, Bonn Challenge and New York Declaration on Forests. I conclude where I started, 
with the conviction that is possible to balance conservation and production. The results of this thesis 
are encouraging and suggest the strong influence of law enforcement, as catalyst, on reshaping land 
use system dynamics towards intensification, forest loss reduction and increased natural 
regeneration persistence in the Brazilian Amazon region. However, it is also clear that this can be an 
unstable balance and any political and/or policy perturbations may cause big losses and quickly 
reverse the consistent advances seen during study period. So, the challenge ahead is to make this 
balance consistent and stable, and less vulnerable to perturbations.  
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1. Introduction 
The Anthropocene era is now upon us, and ‘there is no wild nature that stands outside human 
impact’ (Braun, 2015 p.107). Humankind needs both a low carbon economy, as well as development. 
The dual challenge is how to trade off all land uses as virtuous solutions for conservation, food 
security and bioenergy. In the midst of this complexity, tropical forest loss is one of the greatest 
global challenges for humankind. Brazil is at the centre of this challenge. On the one hand, Brazil has 
achieved incredible reductions in forest loss over 12 years (2004-2016). On the other hand, Brazil is 
still considered to be one of the largest deforesters globally.  
Sections 1.1 to 1.4 will situate Brazilian deforestation in the context of climate change mitigation, 
more specifically in the Agriculture, Forests and Other Land Uses (AFOLU) framework. This is a 
complex set of interrelated challenges with direct impacts on human lives and livelihoods. The 
section will then move more specifically to the Amazon region to review the intricate patterns of 
deforestation1 witnessed during the last few decades, highlighting the role of environmental law 
enforcement and of the land use dynamics of agriculture, livestock and natural regeneration. The 
section will close by offering an integrated approach to the topics discussed previously. The specific 
questions and hypotheses of the study will be introduced along this section and summarized at the 
end, closing with the outline of the thesis chapters. 
 
 Climate change 
Humankind is facing one of the most challenging periods in its short history on Planet Earth, in large 
part as a result of climate change. The Earth’s climate has always fluctuated across its surface 'from 
intervals of many years to many millennia in duration' (Karl and Treberth, 2005 p.15). Meanwhile, 
temperature has also varied substantially over the last 800,000 years (McManus, 2004). Human 
influence on climate change became pervasive and prominent during the industrial revolution, with 
the increasing use of fossil fuels in Europe and the growing influence of land use change through 
agriculture and deforestation globally (IPCC, 2014a; IPCC, 2019).  
As a result, human influence on the Earth’s climate system has led to atmospheric and ocean 
warming, while snow cover and ice has decreased, and sea levels have risen. Wild Nature too has 
been negatively affected: extinctions now occur at rates never seen previously, due to massive 
                                                          
1 Here deforestation is defined as the total removal of forest cover. 
2 
 
habitat loss and fragmentation (Burkey, 1989; Andrén, 1994; Burkey, 1995; Laurance and 
Bierregaard, 1997; Pearson and Dawson, 2003; Opdam and Wascher, 2004; Hannah et al., 2005; 
Thuiller et al., 2005; Araújo et al., 2006; Vos et al., 2008; Sieck et al., 2011). Species distributions are 
changing, and migrating towards higher altitudes and lower latitudes, accompanied by changing 
breeding seasons, phenology, morphology, physiology and behaviour (SCBD, 2010a). In the future, 
food security will be increasingly termed ‘food insecurity’. Once productive areas will be displaced 
and crop yields will drop due to changes in climatic conditions. Energy use based on use of fossil fuels 
will be by far the largest threat to Planet Earth.  
Climate change is getting worse, and the last 30 years were the warmest ever registered (IPCC, 
2014b). In 2010, anthropogenic emissions reached 49 GtCO2eq/year, 65% from fossil fuels and 24% 
(~10–12 GtCO2eq/year) from agriculture, forest and other land use (AFOLU) (IPCC, 2014a; Smith et 
al., 2014). This raises the fundamental question of whether human kind is running straight and fast 
over the cliff. The answer is probably in the affirmative. However, the opportunity still remains to 
stop and contemplate the view, rather than to jump. Or is this scenario already too optimistic? The 
answer is again probably in the affirmative. However, there is some evidence to suggest humankind 
can take the actions necessary to mitigate, and adapt to, climate change if it acts quickly (IPCC, 
2014b; Smith et al., 2014).  
The Paris Agreement was signed at the 21st Conference of the Parties (COP) of the United Nations 
Framework Convention on Climate Change (UNFCCC), and ratified by 177 Parties in May 2016, which 
is a good sign. Planet Earth needs both a low carbon economy, as well as development. Closely 
related to the Paris Agreement is the 17 Sustainable Development Goals, another agreement 
pointing in the same direction of a more sustainable planet (UN, 2015). 
More positively, and in contrast to the global upward trend seen in GHG emissions, Brazil reduced its 
emissions by more than 50% during 2005-2010 (Brazil, 2016), based on policies and actions that 
consistently reversed deforestation in the Brazilian Amazon. Despite the different trends seen 
globally and in Brazil, CO2 emissions from tropical forests have declined in both cases. Globally, this 
decline has been due to the reduction in deforestation, influenced by Brazil’s results, and 
afforestation, most notably in China, Vietnam and India (Rudel et al., 2005; FAO, 2014).  
Even though the substitution of fossil fuel by biomass energy is crucial to mitigate climate change, 
the actual global average of renewable energy is only 14%, compared with 48% in Brazil. Given this 
scenario, it is imperative that all nations explore and adopt renewable energy sources, such as wind, 
solar, biomass, bioenergy and hydro-power energy. Furthermore, all nations should take the 
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necessary precautions to avoid the replacement of natural areas or competition with food 
production. Sequestration of carbon by afforestation and reforestation can have positive impacts on 
GHG emissions and biodiversity, particularly if implemented with native species and in degraded 
lands. 
 The actual share of annual GHG emissions in Brazil during 2000–2010 was 5.0–5.8 GtCO2eq/year for 
agricultural production and approximately 4.3–5.5 GtCO2eq/year from land use and land-use change 
activities. This was equivalent to 10-12% and 9-11% of total GHG emissions, respectively (Smith et al. 
2014).  
Since the 1970s’, global agricultural production has increased by 7% of the world’s land area. This is 
not good for conservation, because it relies on the conversion of natural areas, especially in 
developing countries (Queiroz et al., 2014; Mullan et al., 2017). Equally, the situation could have 
been far worse if this period in history had not been accompanied by so many technological 
advances. For instance, the world grain harvest and cereal yield doubled in 2010 to 2.5 billion tonnes 
and 3030 kg/ha, respectively. However, this increase came with a price. The use of inorganic 
fertilizers has increased by 800% since the 1960s’ (IPCC, 2019), land degradation has occurred 
through soil erosion, inappropriate irrigation and poor land management practices (Dobermann et 
al., 2013). Meanwhile, GHG emissions have increased 9-fold during the last 50 years (Tubiello et al., 
2013). In addition, livestock emissions, mainly through enteric fermentation, rose by 50% in the last 
50 years (Dobermann et al., 2013). 
Conservationists are rightly concerned. Even with the increased coverage of Protected areas (PAs) 
during the last decade, from 12 to 14% of terrestrial lands, Aichi Biodiversity Target 11 (SCBD, 2010b) 
to protect 17% of terrestrial and inland water, and 10% of coastal and marine areas, is far from being 
achieved. This is because PAs are not evenly distributed across the priority natural areas around the 
globe. Moreover, many priority areas are threatened by other land uses, mostly agriculture and 
livestock. At the same time,  agricultural land globally has decreased by 53 Mha since 2000’ (Smith et 
al., 2014 p.822). However, in 2014, the Brazilian Amazon supported 17.3 Mha of deforested areas up 
to 2004 that were recovering naturally (Inpe, 2016b). Encouragingly, these last figures contribute to 
meet Aichi Target 15 - to enhance carbon stocks through restoration of at least 15% of degraded 
ecosystems (SCBD, 2010b).  
An important sign that it is possible to change human influence on nature comes from Chapter 11 of 
the IPCC 2014 Report on AFOLU (Smith et al., 2014) and the IPCC Climate change and land report 
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(IPCC, 2019). Here, the authors point out emerging issues that have the potential to reverse 
emissions, including:  
 `consumption patterns, through dietary change;  
 production patterns, through large scale acquisitions in lower-income countries; 
 production and consumption patterns, through switching to low carbon products;  
 relations between producers and consumers, through certifications schemes; and, 
 management priorities, through increasing interest in conservation and sustainable land 
management) (Smith et al., 2014 p. 844).  
These emerging issues must be accompanied by strong political will to act for the common good. In 
order to be successful, collective actions should consider social, economic and environmental factors, 
at multiple levels, that will have important roles in solving these common problems (Berkes, 2007; 
Ostrom, 2007). Such problems will vary significantly across space and time, and across scales of 
intervention. Consequently, there is no one solution that fits all. Indeed, there is no panacea2, and 
some scholars have observed that there is no single solution for all the complex situations at the 
conservation-development interface (Dietz et al., 2003; Berkes, 2004; Child, 2004). In fact, each case 
needs to be analysed individually and within its own context, taking into consideration these social, 
economic and political factors (Berkes, 2007; Nagendra, 2007; Ostrom et al., 2007). 
The previous paragraphs have outlined some of the complexities of mitigating climate change for 
AFOLU. These complexities generate heated debate among specialists, scholars, practitioners and 
policy makers. There are gaps in knowledge that limit more detailed analyses and model projections, 
also due context-specific nature of each case. The challenge is how to balance all land uses as 
virtuous solutions for conservation, food security and bioenergy. In others words, to achieve the 
sustainable development and the UN 17 SDGs goals.  
The following section will introduce Brazil’s efforts to reverse Amazon deforestation during the last 
15 years. So far, Brazil has been considered to be one of the most successful mitigation initiatives 
globally (Tollefson, 2012; Nepstad et al., 2014; Tollefson, 2015). It is still a work in progress, with the 
recent start of PPCDAm’s 4th phase in 2016. There have been three independent evaluations in-
between, to adjust directions and targets. This has been complemented by a large volume of 
                                                          
2 The Oxford English Dictionary defines panacea as “…a remedy, cure, or medicine reputed to heal all diseases; 
a universal remedy.” Here, according to Ostrom and colleagues (2007 p.15176): 'panaceas are the action or 
tendency to apply a single solution to many problems. In the governance of human–environment interactions, 
a panacea refers to recommendations that a single governance system blueprint (e.g., government ownership, 
privatization, community property) should be applied to all environmental problems.’.” 
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research produced by the scientific community in trying to understand the circumstances that led 
Brazil to these remarkable mitigation results, but also pointing out gaps and offering incentives for 
Brazil to continue on its path.  
Therefore, gaining a better understanding of the complex chain of policies and actions that have 
contributed to reversing deforestation in Brazil should prove a great contribution for future 
mitigation of forest loss around the globe. Indeed, the results from this study could be used and 
adapted to deforestation in other local or regional contexts. 
 
 Amazon Deforestation: PPCDAm and Law enforcement 
 
The control of tropical forest loss presents one of the greatest environmental challenges of our time 
(Fearnside, 1983; Hecht, 1985; Hecht, 1989; Hecht, 1993a; Moran, 1993; Nepstad, 1997; Angelsen 
and Kaimowitz, 1999; Barbier et al., 2001; Soares-Filho et al., 2004; Fearnside, 2005; Soares-Filho et 
al., 2005; Kirby et al., 2006; Soares-Filho et al., 2006; Brondizio and Moran, 2008; Nepstad et al., 
2009; Taitson, 2011; IPCC, 2014a; De Souza and De Marco, 2015). For instance, Brazil and Indonesia 
have accounted for 60.6% of worldwide loss of tropical forests between 2000 and 2005 (Rudel et al., 
2009a).  
Nevertheless, Brazil has reduced Amazon deforestation by 76% during the last 13 years (Inpe, 2017). 
This achievement has sparked interest from different areas of the scientific community who wish to 
understand this phenomenon from environmental, economic and social perspectives, following the 
three pillars of sustainable development (WCED, 1987). Moreover, “maintaining carbon stocks in 
tropical forests is widely recognized as a relatively low-cost option for mitigating climate change” 
(DeFries et al., 2010 p.178). 
Amazon deforestation and land use started long before the arrival of the Portuguese in 1500. Various 
lines of evidence suggest that human activities have impacted at least 390,000 km2 of forests (9%), in 
the most conservative study (Balée, 1989). Meanwhile, Denevan (1992) estimated that 40% of Latin 
America tropical forests were in some stage of secondary succession. Magalhães (2008) goes further 
and suggests that 60% of Amazon forests were somehow managed. Nevertheless, this is not 
comparable to the intensity of transformations that have occurred in the last 50 years in the Amazon 
region, in which a total of 768,000 km2 (15%) has been clear cut (Inpe, 2017). The last half century 
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has seen an acceleration in the rate of Amazon deforestation that can be briefly explained in three 
periods: military (1964-86), early democracy (1987-2003) and PPCDAm3/ PNMC4 (2004-2018).  
The military coup in 1964 initiated a period in the Amazon region that was marked by a political and 
economic vision of integration and occupation of the territory, tax incentives, favouring a business 
elite from the southeast, livestock expansion and high inflation. Later, following rural social pressures 
in other regions, the government started a more social approach, implementing public and private 
colonization projects (settlements), with the slogan: ‘Amazon: the land without people for landless 
people’ (Moran, 1981; Hecht, 1985; Oliveira, 1997; Lui, 2013). Thus, a network of highways was built, 
as a crucial part of the strategy to provide access to resources, and to integrate and secure national 
borders (Dalla-Nora et al., 2014; Arima et al., 2015). 
These policies were heavily criticized in the literature: ‘disastrous policies’ and ‘perpetuating 
deleterious social and environmental policies’ (Bryant, 1992 p.15). Besides being ineffective, these 
policies were economically unfeasible and environmentally unfriendly, lacking as they did, any kind 
of political control (Moran, 1981; Fearnside, 1983; Mahar, 1988; Frohn et al., 1990; Hecht, 1993a; 
Hecht, 1993b; Moran, 1993; Moran et al., 1994; Dale et al., 1994. ; Nepstad, 1997; Oliveira, 1997; 
Bryant, 1999). 
The next period (1987-2003) was marked by the rebirth of democracy in Brazil, the enactment of the 
new Constitution (Brazil, 1988), economic stabilization in the country, inflation control, the 
permanent expansion of agriculture and livestock into the Amazon region, the beginning of the 
globalization of the economy and a significant rise in environment awareness.  
This period was characterized by the influence of the international economy over Amazon forest loss, 
which rose and fell in harmony. In contrast, national and international environmental and human 
rights organizations were heavily pressuring the government to halt deforestation and rural violence 
in the Amazon. In 1988, just after the new Constitution was adopted, the government launched the 
first policy plan to reverse and confront violence, and the alarming rates of deforestation, called 
“Nossa Natureza” (Our Nature). This marked the creation of Prodes, the Brazilian Amazon rainforests 
satellite monitoring program, run by Inpe5, and the end of the incentives from the previous period. 
However, only two months after the launch of the plan, Chico Mendes, a notorious rubber tapper, 
who was fighting for the creation of a sustainable reserve to explore rubber, was brutally killed by 
                                                          
3 Plan to prevent and control deforestation in the Amazon 
4 National Climate Change Policy 
5 National Institute for Space Research 
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ranchers. In 1989, as a response to social pressures, the government created the Brazilian 
Environment Agency (Ibama).  
In 1992, Brazil hosted the United Nations Conference on Environment and Development (UNCED), 
also known as the ‘Rio de Janeiro Earth Summit.’ This environmental conference was marked by the 
creation of the three conventions for: climate, biodiversity and desertification. The conference also 
adopted the Declaration on forests principles and encouraged the global spread of environmental 
awareness.  
None of these interventions or events, however, could halt the ‘tsunami’ of Amazon deforestation 
that started in the military period. In addition, Brazil was entering the globalized economy as a major 
supplier of commodities, including soy, meat and iron. Plenty of areas were available in the new 
frontier of the Amazon. A big ‘boom’ in production of soy and livestock took place in the Brazilian 
agricultural sector. Therefore, through inertia, patterns of Amazon deforestation rose and fell in line 
with the global economy. A feeling of helplessness took hold, leaving an open question: ‘Can 
deforestation in the Amazon be stopped (Fearnside, 1983; Bryant and Bailey, 1997; Uhl et al., 1997; 
Angelsen and Kaimowitz, 1999; Barbier et al., 2001; Laurance et al., 2002; Fearnside, 2005; Kirby et 
al., 2006; Taitson, 2011)? 
The third period (2004-2018) marked the ascent to power of the workers’ party, the continuity of the 
economic policy, controlled inflation, poverty and social inequality reduction, robust expansion of 
agriculture and livestock and consistent reduction of Amazon deforestation. In this period Brazil 
become an important global player in agriculture and environment, and the period was marked by 
the release of two important national policies: PPCDAm (Brazil, 2004) and PNMC (Brazil, 2009) 
among others. 
The period started in 2004 when annual rates deforestation stood at 27,772km2, the second highest 
ever recorded in the Brazilian Amazon since the monitoring programme began in 1988. Moreover, 
the IPCC reports (I to IV) and the United Nations climate change conferences (UNFCCC) were raising 
awareness’ of climate change trends towards important tipping points, and claiming for action.  
In order to deal with deforestation in the Brazilian Amazon, the new government decided to take 
action in 2004, but followed a different approach. The President created a permanent inter-
ministerial working group to combat deforestation, coordinated by the Chief of Staff, and involving 
13 ministries. The President sent a clear and direct message on how to deal with the complex process 
of Amazon deforestation, by adopting a landscape perspective and pursuing a sustainable 
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development policy for the Amazon, that balanced conservation (protection) and development 
(production).  
A plan emerged from this working group in 2004. So far, PPCDAm had achieved remarkable results by 
implementing a full range of innovative policies and measures to improve governance and 
transparency. These include:  
 improvements in law enforcement;  
 fines and embargoes imposed on those associated with illegal deforestation;  
 cuts in rural credit for illegal deforesters;  
 publication of the priority municipalities list for monitoring and control;  
 robust improvements in the satellite monitoring systems;  
 creation of new protected areas;  
 recognition of Indigenous lands;  
 allocation of federal public lands (Terra Legal Programme);  
 multi sectoral agreements: soy moratorium6 and the workgroup on sustainable beef 
production (GTPS); 
 among others.  
As a result, some researchers suggested that decreases in the price of commodities in international 
markets, and the resulting increase of public awareness, have also contributed to the slowing of 
deforestation in the Amazon (Barreto et al., 2008; De Souza et al., 2013; Boucher et al., 2014; 
Nepstad et al., 2014). 
Next, the Brazilian Climate Change Policy (PNMC) was established in 2009 (Law 12,187). In 
Copenhagen, amid an otherwise generally disastrous international negotiation, Brazil formalized an 
ambitious voluntary commitment to reduce its projected GHG emissions between 36.1 and 38.9% by 
2020, compared to business as usual (Brazil, 2009). Furthermore, the goal for the Amazon was to cut 
deforestation by 80% by 2020. This policy has already produced bold results. For instance, Brazilian 
emissions have been reduced by 41%, equivalent to 650 million tons of CO2eq/year, mostly by the 
                                                          
6 The soy moratorium was agreed in 2006 between Greenpeace and ABIOVE, civil society and soy buyers 
respectively. The signed agreement says that the big buyers would not fund, buy and/or sell soybean from 
areas that were deforested after July 2006. 
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76% decline in Amazon deforestation since the implementation of the Plan to Prevent and Control 
Deforestation in the Brazilian Amazon (PPCDAm)7 in 2004 (Inpe, 2015). 
By 2010, Brazil was considered the third major exporter of agricultural commodities. At the same 
time, the cuts in Amazon deforestation made Brazil a global leader in climate change mitigation 
(Tollefson, 2012; Tollefson, 2015). So far, Brazil had done more to reduce emissions than any other 
country in the world in recent years (Boucher et al., 2014), despite remaining one of the largest 
deforesters of rainforests of the world (Hansen et al., 2013). In contrast to the previous period, 
deforestation was clearly declining, while the economy was increasing (Barretto et al., 2013; Nepstad 
et al., 2014), despite the 2009 global crises, which almost did not hit Brazil. However, deforestation in 
the Brazilian Amazon has stabilized at around 5,300 km2 per year between 2012 and 2015, very close 
to the 2020 target of 3,925 km2. Disappointingly, however, deforestation has been increasing since 
2016 (Inpe, 2017).  
Several studies have analyzed the results, implications and future challenges of the decline in 
Amazon deforestation for climate change, PAs and biodiversity, public policy, economic and social 
benefits (Barreto et al., 2008; Nepstad et al., 2009; Rodrigues et al., 2009a; Assunção et al., 2013; 
Barretto et al., 2013; De Souza et al., 2013; Hargrave and Kis-Katos, 2013; Arima et al., 2014; 
Assunção and Rocha, 2014; Boucher et al., 2014; Nepstad et al., 2014; Soares-Filho et al., 2014; 
Assunção et al., 2015; Tollefson, 2015). Each of these studies contributes to compiling the pieces of 
this complex puzzle. Meanwhile, this study seeks to better explain which of these factors, whether 
singly or in combination, may have influenced the reduced rate of deforestation and land use change 
dynamics in the Brazilian Amazon, focusing on law enforcement. 
 
1.2.1 Law enforcement 
 
Environmental law enforcement is thought by some to have played a key role in reducing 
deforestation (Assunção et al., 2013; De Souza et al., 2013; Arima et al., 2014; Nepstad et al., 2014; 
Soares-Filho et al., 2014; Assunção et al., 2015). Meanwhile, some authors have suggested that any 
link may be only circumstantial (Schmitt and Scardua, 2015). The following paragraphs will present 
                                                          
7 The PPCDAm is organized in three components: land tenure and land use planning, monitoring and control, 
and foster sustainable activities. The plan had over 180 activities involving partnerships between federal 
agencies, state governments, municipalities, civil society organizations and the private sector. 
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some previous studies surrounding the debate over the limitations, and some open questions 
regarding the influence of law enforcement on Amazon deforestation and land use changes. 
Command and control strategies implemented by Ibama 8, combined with a very sophisticated forest 
monitoring system based on the development of satellite technology by Inpe (Kintisch, 2007; Brown 
and Zarin, 2013) have played a key role in reducing deforestation in the Brazilian Amazon (Taitson, 
2011; Assunção et al., 2013; De Souza et al., 2013; Assunção and Rocha, 2014; Borner et al., 2014; 
Borner et al., 2015a; Schmitt and Scardua, 2015). For example, Ibama can intensify its presence in 
critical areas identified by INPE´s near real time deforestation monitoring system (DETER). In turn, 
once the system could identify deforestation in its early stages, this avoided extensive areas of 
deforestation. Furthermore, offenders knew that their actions were less likely go undetected 
(Taitson, 2011; Schmitt and Scardua, 2015). So far, increased patrol effort in priority areas has proved 
effective in diminishing illegal activity in the Amazon and is influencing land use change in critical 
areas (Barretto et al., 2013).  
Despite all these advances, it remains important and necessary to better understand, and in more 
detail where, how and under what conditions law enforcement was most effective (Hargrave and Kis-
Katos, 2013). All studies mentioned in the previous paragraphs used deforestation data up to 2012. 
However, the characteristics of deforestation have changed over time (2004-2015). For example, the 
number of deforested areas below 25 ha reached a peak of 63% in 2010, while the total area of 
deforestation it represented remained relatively stable (2005-2015). Two plausible explanations for 
these phenomena are outlined below. 
First, determination of the law enforcement effort needed to reduce deforestation resulted in 
adopting the strategy of enforcing large polygons first, and leaving smaller polygons for later. 
Moreover, with daily information provided by the monitoring system, their presence was intensified 
in critical areas, so-called ‘hot spots’ of deforestation. Indeed, the strategy worked and numbers of 
deforested areas above 25 ha dropped significantly during this period. However, they had reached 
their limit and needed rethinking.  
Second, the same daily monitoring system also provide information for the offenders, once the 
system became publicly available, as part of the transparency policy of the Brazilian Federal 
Government. Hence, offenders may have deliberately reduced the size of deforested areas to below 
25ha, to infiltrate the surveillance system, even on large properties. However, some authors argue 
                                                          
8 Ibama – Brazilian Institute of Environment and Renewable Natural Resources. 
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that is not the case. For them, small properties are responsible for the small polygons of 
deforestation, once 24% of deforestation in previous years (Inpe, 2015) comes from settlements, 
mostly comprising small properties. These behaviours remain unclear: do the monitoring systems 
and the law enforcement presence influence deforestation patterns (size)? Is this practice all over 
the Amazon, or it is possible to identify it only in specific areas or municipalities?  
Even so, the recent availability of data on property limits may reveal a different effect of 
environmental law enforcement on deforestation in properties of different sizes. Brondizio and 
Moran (2012 p.81) presented ‘different variables to explain spatial patterns and temporal intensity of 
deforestation trajectories at different levels of analysis’. Consequently, their analysis suggested that 
possible patterns of deforestation may change again. In May 2016, Inpe released the new daily 
monitoring system, using Resourcesat2 data (Indian satellite), that is capable of detecting deforested 
areas as small as 3ha (Diniz et al., 2015).  
In addition, an unexpected pattern of behaviour showed itself in rates of deforestation during the 
last four years, in which large areas (>500ha) are gradually coming back (MMA, 2018). This might 
relate to the sense of impunity that was argued by Taitson (2011) and Schmitt and Scardua (2015), 
given that only 2% of the fines are paid. Thus, the offenders have given signs that they will continue 
to challenge the capacity of the environmental law enforcement agencies, possibly with the idea that 
it is still worth taking the risk. 
It is important, therefore, to extend the analysis into two dimensions, over both temporal and spatial 
scales, in order to provide information for new strategies and more tailored policies to improve 
governance. A good path is to break the 5,300 km2 ‘barrier’, reach the 2020 target, and mitigate 
emissions from deforestation (Brazil, 2009). Another good path is to go beyond the ‘Zero 
Deforestation by 2030’, as expressed in the “New York Declaration on Forests”, at the United Nations 
Climate Summit in 2014; as desired by Brazilian and global society (UN, 2014); and the pledges of the 
Consumers Goods Forum to achieve zero net deforestation by 2020.  
Law enforcement has also had effects on other factors, like land use changes, and influencing the 
economy of important commodities such as soy and beef. One clear example is the Brazilian soy 
moratorium that imposes restrictions on soy cultivation in areas deforested after 20089. This 
agreement between government, civil society and productive sector, producers, traders and buyers 
of soy, lasted for over 10 years and had the aim of producing ‘responsible soy’ that does not 
                                                          
9 It started with 2006 as the threshold year, but moved to 2008, as a new agreement to be in accordance with 
the new passed Forest Law in 2012 (see Section 1.4 for more details). 
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contribute to Amazon deforestation. The traders of Brazilian soy always consult Ibama’s fines and 
embargoes web system to check whether or not the property is listed by the environment agency. If 
so, they will not buy their soy, to avoid sharing responsibility for an illegal activity. For instance, the 
last report of the soy moratorium shows that only 1% of Amazon soy is not in compliance with the 
Soy Moratorium (Abiove, 2017). So, law enforcement is influencing the market and its dynamics, and 
is discouraging the occurrence of new environment violations.  
Given the discussion above, the first step for this study was to undertake an analysis of the 
relationships between command and control, and deforestation. In other words, to answer the 
question: how and to what extent does environmental law enforcement influenced rates of 
deforestation in the Brazilian Amazon?  There is some evidence of a negative correlation between 
law enforcement and deforestation in the Amazon region (Taitson, 2011; Assunção et al., 2013; 
Assunção and Rocha, 2014; Assunção et al., 2015; De Souza and De Marco, 2015; Schmitt and 
Scardua, 2015). However, other authors argue that government agriculture credits and loans 
stimulate deforestation all over the Amazon region (Alencar et al., 2004). My proposal here was to 
investigate the direction and extent of the inspections effects at the municipality level. It was 
predicted that examining this question at this scale might reveal new nuances of surveillance 
performance and its local impacts on environmental, social, and economic factors.  
 
 Land use change 
On climate change, Section 1.1 argued that land use change (AFOLU) is a very complex chain of 
interconnected sectors, including agriculture, livestock, bioenergy and forest conservation, that 
present huge challenges in dealing with the intensified competition for land (Cabeza et al., 2010). 
This study aimed to investigate specific transitions in land use in the Amazon: forest, agriculture, 
livestock and natural regeneration10. For the purpose of this study, deforested areas are the starting 
point for all the land use transformations.  
The global scenario for agricultural expansion points to a key role for developing countries (Phalan et 
al., 2013). In many countries this represents the loss and conversion of natural areas for export 
oriented commodities. For Hall (2015 p.408) it is the ‘global land grab’: large-scale land acquisition 
across the South by foreign and domestic investors, for food and bioenergy production, to supply the 
                                                          
10 For the purpose of this study, natural regeneration is an area that undergone a clear cut sometime in the 
past and abandoned for some reason. Now it is naturally returning to its original condition through a secondary 
vegetation succession process.  
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increasing global demand for a growing world population. Some authors argue that globalization and 
neoliberal policies are shaping development and conservation in rural areas (Hecht and Saatchi, 
2007; Hecht, 2010). At the same time, recent analyses show that most of the expansion into 
agriculture is attributed more to intensification than to expansion (Angelsen and DeFries, 2010; 
Phalan et al., 2014; FAO, 2015; Meyfroidt et al., 2018; Thomson et al., 2019) and a similar pattern 
holds in Brazil (Nepstad et al., 2014). However, this relationship may be circumstantial, because any 
increase in global demand may again result in area expansion (Balmford et al., 2012; De Souza and 
De Marco, 2015). Worse, Phalan et al. (2013) argue that this expansion in developing countries may 
occur on priority areas for conservation. 
Historically, land use change in the Amazon has mostly been driven by the expansion of a vast 
agricultural frontier including: livestock and agriculture; illegal logging; illegal gold mining; and 
infrastructure projects such as dams and paved roads. After deforestation, livestock is the main land 
use (Moran, 1981; Fearnside, 1983; Hecht, 1985; Hecht, 1989; Hecht, 1993a; Moran, 1993; Walker et 
al., 2000; Lambin et al., 2001; Margulis, 2003.; Fearnside, 2005; McAlpine et al., 2009). This 
relationship is not exclusively related to the increased capacity of the Brazilian production to meet 
the growing demands, both in domestic and international markets. Instead, the consolidation of 
pasture is also strongly related to public land grabbing, because pastures are planted to add value 
and a sense of ownership to illegally appropriated land, which is trading using false documents 
(Simmons et al., 2007; Reydon et al., 2015). As a result, livestock are widespread in the Amazon 
regardless of property size (Fearnside, 2005; McAlpine et al., 2009; De Souza et al., 2013; Fearnside 
et al., 2013). 
As part of PPCDAm action plan, the TerraClass11 programme was launched in 2008 to answer a 
simple, but very important question: ‘What use is made of deforested areas in the Amazon?’ This 
question is key to understanding the land use transitions currently occurring in the Amazon. The 
2014 result shows that deforested areas represented over 18% of the Amazon biogeographical 
region. These areas were classified into 14 types of coverage and land use: annual agriculture; four 
different types of pasture use intensity; land use mosaics; secondary vegetation (natural 
regeneration); reforestation; mining; urban areas; water; areas not observed; clouds and others 
(Appendix 9.2 – Table S 2.2). To highlight the most representative classes, the figures showed that 
63% of areas were pastures, 6% were of annual agriculture and 23% of secondary vegetation 
resulting from natural regeneration (Inpe, 2016b).  
                                                          
11 Terraclass – Land use survey in the Amazon. The study aims to qualify deforested areas in the Amazon, using 
as a basis the mapped deforested areas published by PRODES. 
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The drastic reduction of deforestation and the more systematic presence of surveillance poses a new 
situation: the restriction on the availability of forests for conversion and expansion of 
agriculture/livestock, once the transaction risk increased. Thus, surveillance may influence the 
reshaping of land use in the Amazon, bringing up the second main question for this study (Question 
2): How and to what extent is land use change being influenced by environmental law enforcement? 
If so, what paths do producers and landowners chose to increase their yields? They may make better 
use of cleared areas, like implementing a second crop per year or a rotation between agriculture and 
pasture. If this is an observable phenomenon, is it widespread or can it be found in specific regions, 
and which regional attributes can explain it? To search for answers to all these questions, I broke 
down the main question into two. First, what is the extent and direction of law enforcement 
influence on land use change, named, livestock, agriculture and natural regeneration, across the 
Amazonian municipalities? Second, to what extent and direction these possible changes will 
influence small, and medium-large properties?  
Consequently, this part of the study aims to contribute to filling the gap with more detailed analysis 
of land use dynamics resulting from systematic law enforcement since 2004. 
Meanwhile, in the climate change mitigation equation, forest restoration is key as carbon sinks and 
for biodiversity conservation. According to SCBD (2003), it is estimated that 60-87 GtC represents the 
potential mitigation delivered by afforestation, reforestation, avoided deforestation and 
degradation, until 2050. However, until very recently, ‘forest restoration has generally been “below 
the radar” in the tropics’ (Hecht and Saatchi, 2007 p.670), and requires further investigations. Hecht 
(2010) reported many cases of forest restoration under very different circumstances, trying to 
persuade and revert the catastrophic emphasis on deforestation in the tropics. 
Market globalization and the technological advances in agriculture also probably contribute to forest 
restoration. The large-scale (high concentration of lands) and highly mechanized activities in rural 
areas are putting the small farmers at a disadvantage to compete in a global economy. The result is 
the abandonment of their land and migrating to urban areas, a phenomenon identified in different 
regions around the planet, but especially in the tropics (Lambin et al., 2001; Brockhaus et al., 2012; 
Smith et al., 2014).  
In the Brazilian Amazon, the ongoing increase in surveillance, fines and embargoed areas in the last 
decade, has probably played a key role in the increase of abandoned areas that were formerly mostly 
involved in illegal activities, and the consequent migration of farmers and rural workers to urban 
areas. 
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As a result, the 2014 land use mapping detected that 23% (173,387 km2) of all deforested areas were 
restoring naturally. These figures indicate the likelihood that a carbon sink will develop. Taking this 
together with the consistent decline in deforestation rates may result in a change of status for the 
Amazon, from carbon source to carbon sink.  
So, given the main focus of this study is to investigate the effects of law enforcement at the 
municipality and property levels, the specific Question (3) that will guide the investigation on natural 
regeneration is ‘To what extent and direction will embargoed areas and surveillance operations 
influence the persistence of natural regeneration over the study period?’  
Finally, the Brazilian experience in combating deforestation is not restricted to environmental 
concerns. It also incorporates the social and economic dimensions of the problem and ‘provides 
valuable lessons about the importance of public policies, monitoring systems and interventions in the 
supply chain to reduce the advance of the agricultural frontier’ (Nepstad et al., 2014 p.1123). It is an 
action for sustainable development, with all the challenges, obstacles and opportunities the concept 
embraces. This has been the basis for the new concept for the development of the Amazon, called 
Protection and Production12. 
In essence, my approach to this problem has been that land is a national asset and therefore should 
be most efficiently utilised. To do that, inter alia, public, private and academic sectors, and civil 
society require a better national understanding of key issues. This territorial approach to 
deforestation has been effective and could consolidate the results achieved in reducing deforestation 
by providing a favourable environment for other dimensions of sustainable development (Nepstad et 
al., 2014). In other words, a strong and modern agricultural sector can grow at the same time as the 
landscape of which it is a part, and can help maintain natural areas (Boucher et al., 2014). A similar 
concept was coined by Defries and Rosenzweig (2010), who called it a whole landscape approach 
that combines the increased productivity of agriculture with conservation and restoration of natural 
environments. Reed et al. (2015) proposes something similar: ‘A landscape approach can be defined 
as a framework to integrate policy and practice for multiple competing land uses through the 
implementation of adaptive and integrated management systems’.  
The combination of land use dynamics, analysis, rural environmental registration (CAR) and economic 
and social development indicators from government will allow a more detailed level of analysis of 
the dynamics of environmental law enforcement, deforestation and land use in the Amazon region. 
                                                          
12 Aims to encourage changes in current patterns of management and investment in order to build a solid 
foundation for future low carbon economic development and environmental conservation. 
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This goes well beyond what has been possible so far. Indeed, the results may indicate and provide 
valuable information to answer the central question of this study, as well as make it possible to 
identify the municipalities and/or properties with similar characteristics in land use dynamics. If 
these groups emerge as important from the analysis, this may provide insights and subsidies for the 
design of more specific and ‘tailored policies’ to operate at different levels (Brondizio and Moran, 
2012). Therefore, these authors note that ‘…Amazon-wide analyses obscure important inter- and 
intra-regional processes and interactions, such as the differential impact of development policies and 
commodity markets, and to identify where successful efforts to stop or reverse deforestation have 
taken place.’ (Brondizio and Moran, 2012 p.70) 
In summary, the outputs of this study intend to contribute to the mitigation and adaptation of GHG 
emissions from land use and forests in Brazil. In doing so, I aim to make an important contribution to 
Brazilian NDC13. This was agreed in Paris to reduce emissions by 37% in 2025 and 43% by 2030, 
against a  2005 baseline (Brazil, 2015).These targets were received by the international community as 
one of the most ambitious NDCs. 
  
 Forest Code and CAR 
 
Brazil passed new environmental legislation in 2012 (Federal Act 12,651 25 May 2012). The Act was 
consolidated after a long and historic debate in Congress that mobilized all stakeholders: 
environmental NGOs, civil society, agribusiness, government, and the judiciary. The Brazilian 
Congress was at the centre of a hot debate around the new and extremely polarized Forest Code. In 
one corner, the environmentalists argued to keep the environmental legislation strong, restrictive, 
and lobbied for more restrictions. In the other corner, the “ruralistas”, the agricultural lobby/group 
in Congress, argue and pushed for less restrictions, and the relaxation of the Forest Code, to make it 
more permissive, in order to facilitate the advancement of agribusiness. The main arguments of 
agribusiness revolve around the importance of agriculture in the country's trade balance, accounting 
for a significant portion of exports, the need to expand to meet the growing global demand for 
Brazilian agricultural commodities and food security. In a nutshell, very restrictive legislation could 
jeopardize the country's development and restrict the generation of jobs related to the agribusiness 
industry.  
                                                          
13 NDC – National Determined Contributions, UNFCCC language. 
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The counter argument of environmentalists, based on their technical and scientific arguments, 
showed throughout the debate in the Congress that there is no need to further expand the areas 
under agriculture. Instead, the aim should be to use what is already deforested more efficiently. For 
instance, livestock farming in Amazonia has a low pasture occupation, a little more than one head 
per ha. An increase in occupancy to 1.5 per ha could free space for agriculture, and supply the 
growing global demand for two global commodities, soybeans and meat. Using fairly simple 
measurements such as pasture rotation, pilot projects have already shown that productivity can 
increase, thereby sparing land for agriculture to expand. However, the current varieties of soybean 
cannot currently increase their productivity. But, it is also argued this may have an opposing effect. 
The profit-driven producer, noting that his productivity has increased, may wish to expand activities. 
For example, he could increase his cattle herd to occupy his entire available area. Consequently, he 
would not spare land areas for agriculture or conservation. Ultimately, neither side was completely 
satisfied with the approved version of the new legislation. Despite the polarized debate and 
criticisms from both sides, the final text reached a reasonable balance between conservation and 
rural development. In the end, the approved text brought some advances that will certainly have a 
positive influence on both agendas.  
A consensus outcome of the new environmental legislation was the rural environmental registry 
system known as CAR (Cadastro ambiental rural, free translation in Portuguese). CAR became 
compulsory throughout the Brazilian territory. Taking an extremely simplistic view of this 
development, on the one hand, environmentalists will have a tool to better control compliance of 
environmental legislation at the property level. On the other hand, many in the agribusiness sector 
evaluate CAR as a benchmark for environmental compliance of Brazilian farmers and ranchers. CAR 
became important for the export of agricultural commodities, as the international market 
increasingly demanded a clean supply chain. Hence they wished to avoid contributing to the 
destruction and degradation of natural environments, especially tropical forests. Thus, those owners 
who are compliant with the legislation will have unrestricted registrations, a “green flag”. Last but 
not least, information can be directly verified on the internet by buyers, as the system is open to 
queries about properties compliance.  
CAR is a comprehensive electronic registry, georeferenced with detailed mapping of private property 
limits, legal reserves, permanent preservation areas and land use, based on 5m spatial resolution 
images (Rapid Eye14), mandatory for all rural properties. A strategic database for the control, 
                                                          
14 https://directory.eoportal.org/web/eoportal/satellite-missions/r/rapideye  
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monitoring and combat of deforestation in Brazil, as well as for environmental and economic 
planning in rural properties. 
The CAR system is being implemented in phases: registry (almost concluded); compliance 
verification; environmental recovery programme (PRA) agreements signed for properties in debt with 
the environmental regulations; and monitoring the implementation of PRA. A transition phase for 
property compliance involving fine suspension, as long as landowners implement their recovery plan. 
By 2018, 5.5 million rural properties had already been registered, and a total area of 470 million ha 
inserted in the database of the integrated system. The registry is implemented by the states, and 
coordinated by the Ministry of the Environment until the end of 201815, providing the necessary tools 
and integrating the information into a single national registry system. Certainly, the registry will take 
us to another level of understanding of land use in Brazil, for the benefit of more tailored public 
policies in pursue of sustainable development.  
A priori, based on practice and preliminary results, I expect the policy to influence the curbing of 
deforestation. This curb will mostly be influenced by the environmental law enforcement field 
operations having a positive influence on reducing deforestation, and increasing natural regeneration 
through passive means. On land use, mainly annual agriculture and livestock, it will be possible to 
find positive and negative effects, depending on how landowners react to dealing with the 
implementation of the policy against deforestation. In terms of socio-economic indicators, the 
municipalities may show better or worse performances, depending on how much its activities are 
based on halting illegality, but reducing law enforcement operations and other governmental policies 
initiatives. 
 Objectives 
 
This extensive literature review suggests that the main objective of this research should be to 
increase knowledge on the influence of environmental law enforcement, mostly comprising ground 
operations in the Brazilian Amazon region, on deforestation, land use change and the persistence of 
natural regeneration by exploring the following more specific questions: 
 
1. How and to what extent has environmental law enforcement influenced rates of 
deforestation in the Brazilian Amazon at the municipality level? 
 
                                                          
15 currently under the responsibility of the Ministry of Agriculture. 
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2. What is the extent and direction of environmental surveillance influence in reshaping land 
use change of livestock, agriculture, and natural regeneration, across the Amazon 
municipalities and different property sizes after the approval of the priority municipalities’ 
policy in 2008? 
 
3. To what extent and direction has law enforcement influenced the persistence of natural 
regeneration over the study period? 
 
 
 Outline of chapters 
 
In Chapter 2, I will introduce the Amazon region by characterizing deforestation and land use change 
at different scales of land tenure, presenting different perspectives and a solid background for the 
importance of the Brazilian Amazon region for this study. In Chapter 3, I will provide a summary of 
the most important data needs for this study, followed by a more detailed presentation of the two 
techniques adopted to investigate the possible influence of law enforcement. I will close by 
presenting the Policy for the Priority Municipalities. In Chapter 4, I will assess the influence of law 
enforcement on forest loss reduction with a spatial analysis at the municipality level. In Chapter 5, I 
will explore a possible co-benefit of law enforcement on land use change, focusing on annual crops, 
livestock and natural regeneration at the municipality level and for private properties, both small and 
large, as well as for settlements. I will apply a very new technique that combines difference-in-
differences with entropy balancing. In Chapter 6, I present results of the possible influence of law 
enforcement on the persistence of over 41,000 km2 of natural regeneration over the 10 years of the 
study. Last but not least in Chapter 7, I will draw some final remarks and the conclusions of this work. 
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2 Study area  
 
Amazonia is superlative in many respects.  
First, the Amazon is the world’s largest contiguous rainforest. It covers over 6 million km2, half of 
which remains in tropical forests that border the nine countries of the Amazon, comprising: Brazil, 
Bolivia, Peru, Ecuador, Colombia, Venezuela, Guyana, Suriname and French Guiana. These countries 
cover nearly 40% of South America’s territory. Nearly two-thirds of the Amazon rainforest is found in 
Brazil.  
Second, the Amazon rainforest is home to the largest river by volume on the planet. The Amazon 
River holds around 20% of global fresh waters.  
Third, the Amazon supports an incredible biological and cultural diversity. This includes one in ten 
known species on Earth, the highest diversity of plants, one in five of all described bird species, and 
millions of insect species, among which most still remain undescribed.  
Fourth, the Amazon is also home to over 30 million people, including indigenous and ethnic groups, 
some of whom still remain to be discovered. Fifth, Amazonia is estimated to store 10% of the world’s 
carbon, and is the largest store of tropical timber on the planet.  
Sixth, 70% of South America’s GDP is produced in areas that receive rainfall or water from the 
Amazon’16.  
The Amazon Biome in Brazil (Figure 2.1) covers almost 50% of Brazil’s national territory, 4,196,943 
km2 (IBGE, 2004). Over 42% of this biome is set aside as PAs or indigenous lands, and 18% is already 
deforested (Inpe, 2017) (Figure 2.2), as well as one of the main sources of land use CO2 emissions 
globally (IPCC, 2014a; Smith et al., 2014). 
This study adopts the political and economic border of the Amazon, the so called, Brazilian Legal 
Amazon (BLA) which was established as a political area to promote and improve the social economic 
development of the region (Brazil, 1953; Brazil, 1966). It accounts for 5,217,423 km2, corresponding 
to 61% of Brazil’s territory (Figure 2.1), in 772 municipalities17. Currently, it corresponds to the area 
                                                          
16 Mongabay - https://rainforests.mongabay.com/amazon/amazon-rainforest-facts.html . Accessed on 
06Sep2017. 
17 I have excluded from the analyses the municipality of Mojui dos Campos, in Pará state, officially emancipated 
only in 2013, almost at the end of the study timeframe considered, and for obvious reasons do not have data 
available for all the period. So, 771 municipalities are considered in the BLA. 
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of the states of the north region (Acre, Amapá, Amazonas, Pará, Rondônia, Roraima and Tocantins), 
plus the totality of the state of Mato Grosso and the municipalities of the state of Maranhão located 
west of the meridian 44o W. The BLA is the least populated region of Brazil with 25 million 
inhabitants, of whom over 75% are concentrated in urban areas.   
In the Amazon, land tenure is a complex and a persistent topic, resulting in land disputes, overlaps, 
and land grabbing, among other problems (Azevedo-Ramos and Moutinho, 2018). Table 2.1 presents 
the area covered by different categories of land tenure: PAs, indigenous lands, rural settlements, 
undesignated federal public lands, and private properties (CAR)18. Regarding PAs categories, it is 
important to distinguish the very unrestricted Environmental Protected Areas (APAs) from other 
categories when summarizing information or overlapping with deforestation and land use change, as 
in Table 2.1. APA are very extensive areas, usually consolidated with human occupation, including 
public and private lands. Their implementation does not displace the resident population and allows 
economic activities. 
 
 
Figure 2.1 – Brazilian Biomes: Amazonia, Cerrado, Caatinga, Pantanal, Atlantic Forest and Pampa. The Brazilian Legal 
Amazon states (9): Acre (AC), Amazonas (AM), Amapá(AP), Maranhão(MA), Mato Grosso(MT), Pará(PA), Rondônia(RO), 
Roraima(RR), and Tocantins(TO).(Source:IBGE) 
 
                                                          
18 There are some overlaps between different categories, like protected areas and indigenous lands and so on. 
In Table 2.1, the overlaps were not eliminated. So, the total sum displayed may exceed the total area of a state 
territory and the Legal Amazon. Meanwhile, some information gaps exist in other areas.  
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Figure 2.2 – Amazon protected areas, indigenous lands and deforestation (Sources: IBGE, INPE, MMA, FUNAI) 
 
 
Figure 2.3 – Settlements and Undesignated Federal public areas within the Brazilian Legal Amazon (Sources: INCRA,MDA)
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Table 2.1 – Land tenure of the Brazilian Legal Amazon, by states: strict preservation and sustainable use protected areas (federal, state, municipal), Indigenous lands, Rural/Land reform 
Settlements, Undesignated Federal public lands, private properties – the environmental rural registry (CAR – acronym in Portuguese.) (Sources: MMA, FUNAI, INCRA) 
 
Categories (km2)/states 
Acre Amapá Amazonas Maranhão Mato Grosso Pará Rondônia Roraima Tocantins Total* 
Protected Areas 
Federal (total) 40,457 57,770 263,958 9,097 18,766 205,346 33,979 16,071 13,821 659,264 
Strict Preservation 9,141 47,843 132,409 7,919 16,074 78,070 24,192 11,660 13,172 340,481 
Sustainable use (except APA) 31,316 9,928 130,024 1,157 1 101,807 9,787 4,410 134 288,565 
Environmental Protection Area (APA)     1,524 21 2,690 25,470     515 30,219 
State (total) 7,548 32,699 188,434 28,286 24,111 201,925 20,667 15,750 23,534 542,955 
Strict Preservation 6,939 40 34,996 33 14,589 54,748 8,958 124 2,989 123,416 
Sustainable use (except APA) 257 32,434 136,456  1,468 78,580 11,642   260,836 
Environmental Protection Area (APA) 352 226 16,982 28,253 8,054 68,596 68 15,626 20,545 158,702 
Municipal (total)  4 1,030  755 8  16,020 15 17,832 
Strict Preservation  4   1 8   15 28 
Sustainable use (except APA)   122   0    122 
Environmental Protection Area (APA)     908   754     16,020   17,683 
Indigenous lands/territories 25,320 11,834 455,646 24,393 149,638 307,539 51,079 103,802 25,907 1,155,158 
Settlements 17,997 11,832 81,389 28,146 40,516 136,308 23,938 11,706 11,660 363,492 
Undesignated federal public lands 6,653 80,373 356,898 10,628 85,505 417,359 160,116 107,502 27,500 1,252,535 
Private properties: 
Rural Environmental Registry (CAR)  
94,668 33,895 312,261 202,271 733,836 609,297 125,323 48,374 172,471 2,332,395 
TOTAL 192,643 228,408 1,659,616 302,821 1,053,127 1,877,782 415,103 319,225 274,908 6,323,631 
*The total value of the Table exceeds the legal Amazon area because the overlaps have not been eliminated. 
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The following two sections (2.1 and 2.2) aim to present perspectives of Amazon deforestation and 
land use change. This characterization does not intend to be exhaustive. Rather the chapter calls the 
reader’s attention and provides basic information for some important aspects of deforestation and 
land use dynamics related to the main questions of this study, which will be further analyzed in 
Chapters 4, 5 and 6.  
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 Characterization of the Brazilian Amazon deforestation at different scales  
 
Broad patterns of deforestation 
Brazil has conducted satellite monitoring of the Amazon since 1988, to produce data on annual 
rates19 of deforestation that are used by the Brazilian government for implementing public policies in 
the region (Figure 2.4). The characterization of deforestation that follows will concentrate on 2002 
and onwards, when Inpe updated and adopted their current methodology.  
The history of deforestation monitoring in the Amazon can be divided into two distinct periods: 
before and after the implementation of PPCDAm in 2004. The first period, before PPCDAm, is 
characterized by two reductions soon followed by years of constant increases in deforestation 
(Figure 2.4). 
By contrast, the PPCDAm period showed a consistent rate of reduction of 76% over 13 years (2004-
2017), alongside the four phases of implementing the Action Plan. The first phase revealed a sharp 
drop in forest loss of 53%, with an average of 17,127 km2/year. In the second phase, the reduction 
continued but at a slower pace, with an average rate of deforestation of 6,961 km2/year. This 
represented, another impressive reduction of 59% compared with the first phase. The third phase 
registered the lowest rates of deforestation, with an average of 5,420 km2/year, but showing annual 
fluctuations. In 2016, the fourth phase began with an increase in deforestation to 7,893 km2/year, 
returning to the level of the initial year of the second phase (2009), raising a yellow flag. This was 
followed by the resumption of deforestation in 2017, at a rate that was still higher than rates seen in 
the third phase (Figure 2.4).  
Despite this impressive reduction of 70% in rates of deforestation in relation to the average of 19,625 
km2/year for the period 1996-200520, Brazil still remains 2,700 km2 distant from its 2020 National 
Climate Change Policy target, to reduce deforestation by 80%, to 3,925 km2 (Brazil, 2009). 
                                                          
19 PRODES – Deforestation monitoring program is led by the National Institute for Space Research (INPE) to 
produce the annual deforestation rates for the Amazon region using 20-30m resolution satellite images from 
different sources: LANDSAT, CBERS, LISS-3(Resourcesat-1), UK-DMC2 and more recently the Sentinel 
constellation. Initially, the period 1988-2002, the monitoring was done by visual interpretation on printed 
satellite images, mostly Landsat, followed by digitalization of the polygons. Only in 2002, it has evolved for 
digital classification, checked and edited by experienced interpreters. 
20 Period used to calculate the Brazilian government voluntary commitment, assumed in 2009, to reduce 
deforestation in 80% by 2020.   
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Figure 2.4 – Annual rates of deforestation in the Brazilian Legal Amazon for the period 1988-2017. The chart highlights the 
four phases of the Action plan to prevent and control deforestation (PPCDAM). (Source: PRODES/Inpe) 
 
Deforestation by States 
Historically, deforestation has been concentrated within three states: Pará (PA), Mato Grosso (MT) 
and Rondônia (RO). However, the share of forest loss in these three states has steadily decreased 
from 88% in 2004 to 76% in 2017. By contrast, groups in the second level, including Acre (AC), 
Amazonas (AM) and Maranhão (MA), showed an upward trend in their rates of deforestation, from 
10% in 2004 to 22% in 2017. This increase was mostly driven by increased rates of deforestation in 
the south of Amazonas state. These data suggest that the frontier of deforestation is moving towards 
the centre of the Amazon region, further expanding the arc of deforestation. Rates of deforestation 
in the third group of states: Amapá (AP), Roraima (RR) and Tocantins (TO) varied between 2% and 6% 
(Figure 2.5 and Table 2.2).  
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Figure 2.5 – Annual Deforestation rates (km2) for the period  2002-2017, in the nine states of the Brazilian Legal Amazon: 
Acre (AC), Amazonas (AM), Amapá (AP), Maranhão (MA), Mato Grosso (MT), Pará (PA), Rondônia (RO), Roraima (RR) and 
Tocantins(TO).(Source:Prodes/INPE) 
 
Table 2.2 - Deforestation rates (km2) for the period  2002-2017, in the nine states of the Brazilian Legal Amazon: Acre (AC), 
Amazonas (AM), Amapá (AP), Maranhão (MA), Mato Grosso (MT), Pará(PA), Rondônia (RO), Roraima (RR) and 
Tocantins(TO). (Source:Prodes/INPE) 
Year AC AM AP MA MT PA RO RR TO Amazon 
2002 883 885 0 1,085 7,892 7,510 3,099 84 212 21,650 
2003 1,078 1,558 25 993 10,405 7,145 3,597 439 156 25,396 
2004 728 1,232 46 755 11,814 8,870 3,858 311 158 27,772 
2005 592 775 33 922 7,145 5,899 3,244 133 271 19,014 
2006 398 788 30 674 4,333 5,659 2,049 231 124 14,286 
2007 184 610 39 631 2,678 5,526 1,611 309 63 11,651 
2008 254 604 100 1,271 3,258 5,607 1,136 574 107 12,911 
2009 167 405 70 828 1,049 4,281 482 121 61 7,464 
2010 259 595 53 712 871 3,770 435 256 49 7,000 
2011 280 502 66 396 1,120 3,008 865 141 40 6,418 
2012 305 523 27 269 757 1,741 773 124 52 4,571 
2013 221 583 23 403 1,139 2,346 932 170 74 5,891 
2014 309 500 31 257 1,075 1,887 684 219 50 5,012 
2015 264 712 25 209 1,601 2,153 1,030 156 57 6,207 
2016 372 1,129 17 258 1,489 2,992 1,376 202 58 7,893 
2017 244 965 31 237 1,341 2,413 1,252 115 26 6,624 
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The Brazilian policy to curb deforestation was launched in 2004. That year, Mato Grosso (MT) was 
the ‘champion’ of deforestation with 11,814 km2/year, followed by Pará (PA) with 8,870 km2/year. 
In the first phase of PPCDAm, both states substantially reduced their deforestation rates and 
switched positions (Figure 2.5). After 2006, Pará became the state with the highest rates of forest 
loss, with a peak of 57% share in 2009 (Table 2.2). 
In the third phase, rates of deforestation almost doubled in Amazonas state, and its contribution to 
deforestation rose from 6% (annual average of the 1st and 2nd phases) to 11% (annual average of the 
3rd and 4th phases). Acre also increased its participation in the third phase to 5% compared to 3%, the 
annual average of the 1st and 2nd phase. On the other hand, Maranhão has reduced its involvement 
from a peak of 11% in 2009 to only 3% in 2016.  
In the first group, Pará remains with the largest share of deforestation, and an annual average of 
38%, followed by Mato Grosso, which fluctuated between 17 and 26%, and Rondônia with an annual 
average of 16%.   
Finally, the fourth phase (2016-2017) indicated a new configuration, with Pará isolated as the largest 
contributor to deforestation, followed by the second level group of states: Mato Grosso, Rondônia 
and Amazonas. Meanwhile, the third level included the remaining five states: Acre, Maranhão, 
Amapá, Roraima and Tocantins (Figure 2.5).   
 
Deforestation by Municipalities 
Moving to the municipality level, 50% of annual deforestation was restricted to less than 5% of the 
772 Amazon municipalities, and 16% of the Legal Amazon area. Moreover, deforestation became 
more concentrated throughout the PPCDAm implementation, decreasing from 39 to 28 
municipalities for the period before PPCDAM to its 3rd phase (13 years). In terms of area, the 
concentration has a similar but less intensive pattern from 17.4 to 16.3% of the Legal Amazon. (Table 
2.3). 
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Table 2.3 – Concentration of 50 and 75% of annual deforestation in the 772 municipalities of the Legal Amazon in four 
periods: prior to, and, in the three phases of PPCDAM, in number of municipalities and percentage of the total area of the 
Legal Amazon. (Source:Prodes/INPE) 
Annual 
Deforestation 
Municipalities 
2002-2004  
(prior PPCDAM) 
2005-2008 
(1st phase) 
2009-2011 
(2nd phase) 
2012-2015  
(3rd phase) 
      
50% Number 39 34 32 28 
      
 Percentage of the 
Legal Amazon area 
17.4% 15.9% 15.7% 16.3% 
75% Number 100 91 93 82 
      
 Percentage of the 
Legal Amazon area 
28% 29% 33% 31% 
 
In 2002, the 50% annual forest loss was intensive in Mato Grosso and Pará, including 22 and 14 out 
of 41municipalities, respectively. In 2015, forest loss moved into the Amazon, to the southern region 
of Amazonas state that itself became a deforestation hotspot with 4 municipalities, together with 
new areas in Pará, which became the leading deforestation state with 12 out of 25 municipalities 
deforested. Nevertheless, only 11 municipalities remain as top priority in both years, 2002 and 2015. 
Of these, six are in Pará, three in Rondônia and 1 in Mato Grosso and Amazonas (Figure 2.6).     
The second line of Table 2.3 shows the 75% concentration of deforestation, with the same trend as 
50%, for the number of municipalities, from 100 to 82 for the period before PPCDAM and its 3rd 
phase, respectively. However, the percentage of the Amazon area showed an increasing trend of 
deforestation from 28 to 31%.  
 
Listed and non-listed municipalities 
The second phase of PPCDAm started just after it was passed to the priority list policy (see Chapter 3 
for details), and the figures suggest that this policy had an immediate effect. Priority municipalities 
produced a more pronounced cuts in deforestation rates, 63%, compared to 54% for unlisted 
municipalities. In absolute terms, the first phase clearly shows more deforestation in listed 
municipalities, and this was reversed during the second phase which retained the same level during 
the third phase (Table 2.4). 
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Figure 2.6 – Municipalities that concentrates 50% of deforestation in 2002 (prior PPCDAM) and 2015 (PPCDAM 3rd phase), 
41 and 25 municipalities, respectively. A total of 11 municipalities (orange) were present in both years, while 30 
municipalities (yellow) were present only in 2002, and 14 (red) in 2015. (Sources: Prodes/INPE & MMA) 
 
Table 2.4 – Legal Amazon deforestation average rates (km2) of listed and unlisted municipalities in four periods: prior and in 
the initial three phases of PPCDAm. Deforestation change between phases are represented in percentages. (Sources: 
Prodes/INPE & MMA)   
 Category Average Deforestation (km2/year) Deforestation change (%) 
 
2002-2004 
(prior PPCDAm) 
2005-2008 
(1st phase) 
2009-2011 
(2nd phase) 
2012-2015 
(3rd phase) 
Prior-1st 1st-2nd 2nd-3rd  Prior-3rd  
Unlisted 14,283 7,036 3,263 2,655 -51% -54% -19% -81% 
Listed 13,471 7,862 2,903 2,629 -42% -63% -9% -80% 
 
 
Categories of land use (land tenure) 
Land tenure categories have different effects on annual deforestation rates. First, the figures reveal 
the strong role played by PAs and indigenous lands in halting deforestation. For instance, strict PAs 
have the lowest share of deforestation followed by indigenous lands and sustainable use PAs. In 
contrast, private lands alone were responsible for 28-46% of annual deforestation during the study 
period. This was closely followed by an increasing share for settlements, from 19 to 31%, between 
2004 and 2014. Moreover, undesignated federal public lands are constantly subject to land grabbing 
and deforestation (Azevedo-Ramos and Moutinho, 2018). As a result, they attract a high share of 23-
29% of deforestation over the study period (Figure 2.7 and Appendix 9.2 – Table S 2.1). 
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Figure 2.7 - Percentage of deforestation by categories of use in the period 2004-2014. Categories: protected areas (strict 
preservation and sustainable use), indigenous lands, settlements, federal public lands (without allocation), private areas and 
others. (Sources: MMA, FUNAI, INCRA & MDA) 
Interesting trends also emerge if the land tenure categories are compared by PPCDAm phases (Table 
2.5). For example, strictly protected PAs experience the lowest rates of deforestation, with a 
consistent downward trend from 1.5 to 0.6%. Meanwhile, private areas show a similar downward 
trend until the second phase, from 39.4 to 28.2%, but rates again rose to 33.2% in the third phase.  
By contrast, sustainable use PAs faced an upward trend of deforestation and reached a worrying 
8.1% share of forest loss in the 3rd phase. A similar trend was observed for settlements that increased 
their share of deforestation from 25.8 to 31.4%. In addition, Indigenous lands experience a share of 
2.5-2.9%, except for the peak of 4.6% in the 2nd phase (Table 2.5). 
Table 2.5 - Percentage of deforestation by categories of use prior to and during the three phases of PPCDAm’s 
implementation. Categories: protected areas (strict preservation and sustainable use), indigenous lands, settlements, 
federal public lands (without allocation), private areas and others. (Sources: MMA, FUNAI, INCRA & MDA) 
PPCDAm 
(phases) 
Indigenous 
lands 
Protected Areas 
Settlements 
Federal Public 
lands* 
(undesignated) 
Private 
areas/Others Strict 
Preservation 
Sustainable 
use 
Prior 2.5% 1.5% 5.3% 25.8% 25.5% 39.4% 
1st phase 2.5% 1.1% 6.5% 24.7% 27.2% 38.0% 
2nd phase 4.6% 0.8% 7.4% 33.3% 25.6% 28.2% 
3rd phase 2.9% 0.6% 8.1% 31.4% 23.9% 33.2% 
*Public lands exclude overlap areas with PA, IL and Settlements 
0.0%
10.0%
20.0%
30.0%
40.0%
50.0%
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Deforestation (%) by categories of land use (land tenure)
Indigenous lands Strict Preservation PAs Sustainable use PAs
Settlements Undesignated Public Lands Private areas/Others
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The property level – CAR 
 
CAR allows a detailed analysis of deforestation at the property level. Moreover, it is possible to 
disaggregate the data into the three size groups used by the Forest Code: small (<4 fiscal modules21); 
medium (4-15 fiscal modules); and large (>15 fiscal modules).  
The nine states of the Legal Amazon have already registered 693,081 properties22 that cover 
2,694,720 km2. The number of properties are distributed as follows: 88% small, 8% medium and 4% 
large. In contrast, as expected, the occupied area shows a different pattern: 26, 15 and 58%, in small, 
medium and large properties, respectively. Pará supports the largest number of properties, over 
202,000 properties (29% of the total). In turn, Mato Grosso has registered the largest area, of 
740,000 km2 (Table 2.6). 
The CAR registry includes three categories of property: private properties, settlements and 
traditional people and community areas. The majority of categories are private properties, but there 
are some overlaps between the three categories, especially in the first and second categories. So, the 
analysis of deforestation and land use at the property level that follows is restricted to the private 
properties, for simplicity and to avoid double counting. 
Overall, private properties in the Amazon region were answerable for 528,781 km2 of forest loss by 
2014. Together, Pará (PA) and Mato Grosso (MT) were responsible for 71%, followed by Rondônia 
(RO) and Maranhão (MA) with a 19% share of deforestation. Moreover, the proportion of forest loss 
in each property reveals that small properties are most heavily deforested with 71%, medium 
properties 52% and large properties 30% deforested (Table 2.7). Equally, all are above the legal 
requirements of the Brazilian Forest Code to set aside 80% of the property as a Legal Reserve. In 
special arrangements made for some settlements, the legal reserve is a collective, so small properties 
can use all their land area for agricultural purposes, since the Legal Reserve has been set aside in the 
collective Legal Reserve elsewhere. This specific case may mislead the overall interpretation of the 
                                                          
21 Formally, Fiscal Module is the measurement unit in hectares determined by the National Institute for 
Colonization and Agrarian Reform (INCRA) for each municipality considering: i) the predominant type of rural 
activity: agriculture (temporary or permanent), livestock or forestry; ii) income from the predominant activity; 
iii) other types of activities; iv) the concept of “family property”. The size of the module, can vary from 5 to 110 
ha and will be specific for each municipality (Brazil, 1979). In other words, a fiscal module is defined as the 
minimum area needed to ensure the economic viability of exploring a rural establishment in any given Brazilian 
municipality. 
22 Extracted directly from the Brazilian Forest Service (SFB): http://www.florestal.gov.br/numeros-do-car 
(accessed on 24Sep2018) 
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results, because the Legal Reserve is a collective, rather than individual properties (Batistella et al., 
2003).  
 
Table 2.6 – Number and area (km2) of properties registered in CAR for the nine states of the Legal Amazon.  States: Acre 
(AC), Amazonas (AM), Amapá (AP), Maranhão (MA), Mato Grosso (MT), Pará (PA), Rondônia (RO), Roraima (RR) and 
Tocacntins (TO). Property size: small, medium and large. (Source: MMA) 
State 
Number of properties   Properties area (km2) 
Small Medium Large Total   Small Medium Large Total 
AC 33,917 630 435 34,982  31,949 17,108 71,918 120,975  
97% 2% 1% 
  
26% 14% 59% 
 
AP 3,442 1,367 197 5,006  8,565 14,727 19,981 43,273  
69% 27% 4% 
  
20% 34% 46% 
 
AM 41,364 2,996 1,387 45,747  69,917 40,612 423,272 533,801  
90% 7% 3% 
  
13% 8% 79% 
 
MA 73,778 6,108 2,382 82,268  81,670 32,338 91,393 205,401  
90% 7% 3% 
  
40% 16% 44% 
 
MT 101,483 17,461 12,243 131,187  130,688 121,010 488,246 739,943  
77% 13% 9% 
  
18% 16% 66% 
 
PA 180,801 14,298 7,196 202,295  250,748 94,305 344,350 689,403  
89% 7% 4% 
  
36% 14% 50% 
 
RO 108,399 4,717 1,252 114,368  69,578 21,838 44,401 135,816  
95% 4% 1% 
  
51% 16% 33% 
 
RR 5,655 2,106 545 8,306  17,316 20,268 11,531 49,116  
68% 25% 7% 
  
35% 41% 23% 
 
TO 58,077 8,016 2,829 68,922  48,056 49,109 79,827 176,992 
  84% 12% 4%   
 
27% 28% 45%   
TOTAL 606,916 57,699 28,466 693,081  708,487 411,314 1,574,919 2,694,720 
  88% 8% 4%     26% 15% 58%   
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Table 2.7 – Legal Amazon deforestation accumulated up to 2014 (km2) in private properties by size (small, medium and 
large), and states (Acre (AC), Amazonas (AM), Amapá (AP), Maranhão (MA), Mato Grosso (MT), Pará (PA), Rondônia (RO), 
Roraima (RR) and Tocantins (TO)). In parenthesis, the percentage (%) of the total area of private properties deforested in 
each size group. (Source: MMA) 
State 
Private property deforestation (km2)  
(% of the category area deforested) 
small medium large total 
AC 9,826 1,351 5,292 16,469 
 
(53%) (38%) (14%) 
 
AM 4,677 1,904 4,024 10,605 
 
(40%) (21%) (3%) 
 
AP 172 155 397 724 
 
(25%) (7%) (7%) 
 
MA 16,860 7,238 20,549 44,647 
 
(87%) (76%) (58%) 
 
MT 42,784 34,495 111,869 189,148 
 
(76%) (50%) (31%) 
 
PA 68,983 41,078 77,966 188,026 
 
(69%) (57%) (39%) 
 
RO 37,486 9,053 10,726 57,265 
 
(78%) (54%) (36%) 
 
RR 1,314 996 726 3,036 
 
(44%) (16%) (16%) 
 
TO 4,841 4,767 9,254 18,862 
 
(82%) (69%) (51%) 
 
Total 186,941 101,037 240,802 528,781 
 (71%) (52%) (30%)  
 
 
Table 2.8 reveals a simplified version of the level of compliance with the Forest Code Legal Reserve 
requirements of private properties in the Legal Amazon. Overall, only 8, 23 and 36% of small, 
medium and large properties are in compliance, respectively. Regarding the small property category, 
Amapá has the largest share of compliance with 48%, while Amazonas is second with 30%. At the 
other end of the spectrum, Maranhão, Tocantins, Mato Grosso and Rondônia each have over 70% of 
the small property category with more than 80% of the property deforested, far beyond the 20% 
threshold.  
The scenario for the medium property category is slightly better. Three states have over 60% 
compliance based on the conditions of a Legal Reserve. Again Amapá shows the strongest 
compliance, 86%, followed by Amazonas and Roraima with more than 60%. In contrast, Maranhão 
and Tocantins have the largest share of deforested properties with over 80% deforested, at 64 and 
58%, respectively.  
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For the category of large properties, four states lie above the 50% compliance: Amapá (90), 
Amazonas (79), Roraima (67) and Acre (52). By contrast, Maranhão and Tocantins, as in the other 
categories, remain with the highest shares of properties over 80% deforested, at 46%.   
Table 2.8 – Percentage of private property area deforested accumulated up to 2014, categorized by states and size. States: 
Acre (AC), Amazonas (AM), Amapá (AP), Maranhão (MA), Mato Grosso (MT), Pará (PA), Rondônia (RO), Roraima (RR) and 
Tocacntins (TO). Properties size: small, medium and large. (Sources: Prodes/INPE & MMA) 
Property 
size 
Percentage 
deforested 
AC AM AP MA MT PA RO RR TO Total 
Sm
al
l 
<20% 13% 30% 48% 4% 5% 8% 3% 17% 7% 8% 
21-50% 21% 30% 29% 6% 7% 16% 8% 42% 8% 13% 
51-80% 28% 19% 14% 11% 18% 23% 21% 30% 9% 21% 
>80% 37% 22% 9% 79% 70% 53% 69% 11% 76% 59% 
            
M
e
d
iu
m
 <20% 40% 61% 86% 11% 26% 15% 16% 66% 17% 23% 
21-50% 25% 24% 11% 9% 19% 22% 24% 25% 10% 20% 
51-80% 21% 11% 2% 16% 28% 26% 34% 8% 14% 25% 
>80% 13% 4% 1% 64% 27% 37% 26% 2% 58% 32% 
            
La
rg
e 
<20% 52% 79% 90% 20% 40% 28% 23% 67% 30% 36% 
21-50% 29% 15% 10% 14% 25% 24% 28% 24% 11% 24% 
51-80% 16% 4% 0% 20% 23% 26% 34% 8% 13% 23% 
>80% 4% 1% 0% 46% 13% 22% 15% 1% 46% 18% 
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 Characterization of land use and land cover change in the Brazilian Amazon at 
different scales 
 
This section presents post-deforestation land uses, but is restricted to years when the mappings 
were available: 2004, 2008, 2010, 2012 and 201423 (Inpe and Embrapa, 2016). 
By 2014, the Brazilian Legal Amazon had accumulated over 762,000 km2 of forest loss, or 15.2% of its 
surface, compared with 614,000 km2 (12.5%) in 2004 (Table 2.9). Due to the implementation of 
PPCDAm, the proportion of area lost annually decreased from 0.6 to 0.1% during 2004 to 2014. 
However, overall forest loss in the Amazon still remained high, at 148,536 km2 from 2004 to 2014. In 
turn, this represents almost 4% of the Brazilian Amazon forests (Table 2.10). 
Overall, the land uses have similar distributions over the five mappings, between 2004 and 2014, but 
with some categories presenting specific trends. For example, the three most representative 
categories: pasture, secondary vegetation and agriculture, cover over 80% of the area mapped. 
First, pastures24 are the dominant land use in the Amazon, and cover over 60% of its surface. 
Surprisingly, secondary vegetation is the next most dominant category of land use with 23% by 2014, 
compared to 16% in 2004. Annual crops25, the third category of importance, have almost doubled 
their share, from 3 to 6%, a growth of 27,000 km2 from 2004 to 2014 (Table 2.9 and Figure 2.8).  
The land use transition matrix (Table 2.10) reveals that 44% (64,616 km2) of forest losses were 
replaced by pasture, while 5% (7,665 km2) was converted to annual crops, and 18% (25,367 km2) 
remained as natural regeneration. Besides, 68% of pastures persisted from 2004 to 2014, 14% 
resulted from forest conversion and only 0.3% came from conversion of annual crops. By contrast, 
crops persisted in 37% out of 45,050 km2. Even more interestingly, 40% of the area resulted from 
pasture and another 17% from forest conversion. Moreover, 57,917 km2 of pastures were 
abandoned and re-categorized as natural regeneration, a 33% contribution to the 173,387 km2 of 
natural regeneration observed in 2014. In addition, 15% of natural regeneration came from forests 
and 34% has persisted since 2004. 
 
 
                                                          
23 Two additional maps (1991 and 2000) were released after the analysis of this work was completed. 
24 Includes four Terraclass categories: herbaceous pasture, pasture with exposed soil, shrubby pasture and 
regeneration with pasture. 
25 Perennial cultures were not assessed by Terraclass and thence omitted of all analyses. 
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Table 2.9 – Land use and land cover thematic categories mapped by Terraclass, for five dates (2004, 2008, 2010, 2012 and 
2014), in km2 and (%). The first column represents thematic categories aggregation.  For description and details of thematic 
categories see Appendix 0. (Source: adapted from Inpe and Embrapa (2016)).  
Thematic 
Group 
Thematic category* 
Area km2  
(%) 
2004 2008 2010 2012 2014 
A Annual crops 
18,354 
(3.0) 
34,927 
(4.9) 
39,978 
(5.4) 
42,346 
(5.6) 
45,050 
(5.9) 
Z Non-observed areas 
48,566 
(7.9) 
45,406 
(6.4) 
45,849 
(6.2) 
69,132 
(9.2) 
30,056 
(4.0) 
U 
Urban areas (u) 
2,579 
(0.4) 
3,818 
(0.5) 
4,474 
(0.6) 
5,341 
(0.7) 
6,010 
(0.8) 
Mining (u) 
799 
(0.1) 
731 
(0.1) 
967 
(0.1) 
1,049 
(0.1) 
1,272 
(0.2) 
Mosaic of uses (u) 
16,284 
(2.7) 
24,417 
(3.4) 
17,963 
(2.4) 
9,590 
(1.3) 
16,256 
(2.1) 
X Others 
4,637 
(0.8) 
478 
(0.1) 
2,731 
(0.4) 
6,113 
(0.8) 
7,752 
(1.0) 
C Pasture (clean pasture) 
306,039 
(49.8) 
335,715 
(47.4) 
339,852 
(45.9) 
345,420 
(46.0) 
377,470 
(49.6) 
P 
Pasture with exposed soil (p) 
106 
(0.0) 
594 
(0.1) 
373 
(0.1) 
43 
(0.0) 
63 
(0.0) 
Shrubby (dirty) pasture (p) 
55,250 
(9.0) 
62,824 
(8.9) 
56,077 
(7.6) 
50,472 
(6.7) 
60,199 
(7.9) 
Regeneration with pasture (p) 
60,641 
(9.9) 
48,027 
(6.8) 
63,165 
(8.5) 
46,468 
(6.2) 
42,028 
(5.5) 
R Reforestation** 
0 
(0.0) 
0 
(0.0) 
3,015 
(0.4) 
3,176 
(0.4) 
2,922 
(0.4) 
S Secondary vegetation  
100,674 
(16.4) 
150,815 
(21.3) 
165,229 
(22.3) 
172,190 
(22.9) 
173,387 
(22.8) 
 
Total 
613,928 
(100) 
707,752 
(100) 
739,673 
(100) 
751,340 
(100) 
762,464 
(100) 
*Detailed description of each class can be found in Almeida et al. (2016) adapted in Appendix 9.2 – Table S 2.2 
** Reforestation mapping started only in 2010.                                                                      
 
Another interesting perspective of land use comes from its evaluation in 2014, based on the year in 
which the area was cleared (Figure 2.9). First, annual crops mostly occupied areas cleared before 
2006, in line with the findings of Macedo et al. (2012). In turn, this observation is probably related to 
the soy moratorium. For instance, it responds for 14% (3,517 km2) of 2004 deforested areas and only 
0.01% (50km2) of areas cleared in 2013. In further turn, both clean and dirty pasture had the largest 
share of occupation between 61 and 77%, during the same period. The natural regeneration and 
secondary vegetation has played an important role, with 18% (922 km2) of 2013 cleared areas, 
reaching 28% (1,670 km2) in 2010 and stabilizing around 20% for the initial period of PPCDAm, 2004-
2007. 
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Crops 
2004                                                                                    2014 
        
Pasture 
2004                                                                                    2014 
        
Natural regeneration/Secondary vegetation 
2004                                                                                    2014 
        
Figure 2.8 – Distribution/Area occupied by crops, pasture and natural regeneration in 2004 and 2014. Source: Terraclass 
(Inpe and Embrapa, 2016). 
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Table 2.10 – Land use and land cover transition matrix between 2004-2014 (km2). (Source: adapted from Inpe and Embrapa 
(2016)) 
 2014   
Categories Forest Annual crop Pasture Secondary 
Vegetation 
Others Total Losses 
2
0
0
4
 
Forest 3,139,392 7,665 64,616 25,367 49,089  3,287,928  148,536 
Annual crop  16,504 1,585 150 115  18,354   1,850  
Pasture  17,794 323,957 57,917 24,048  423,716   99,759  
Secondary 
Vegetation 
 1,884 28,488 58,634 11,668  100,674   42,040  
Others  1,203 61,114 31,318 14,368  116,344   101,976  
 Total 3,139,392 45,050 479,760 173,387 99,288  3,947,016   
 Gains - 28,546 155,803 114,753 84,920   
 Balance -148,536 26,696 56,044 72,713 -17,056   
 
 
 
Figure 2.9  – Evaluation of 2014 land use and land cover of the more representative thematic categories (annual crops, 
pastures: clean and dirty, secondary vegetation and forest) on deforested areas from 2004 to 2013. (Sources: Prodes/INPE & 
Terraclass (INPE-EMBRAPA)) 
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Land use and land cover change at the property level (CAR)26 
Land use at the property level increased from 545,312 km2 in 2004 to 657,852 km2 in 2014 (Figure 
2.10 and Table 2.11). First, there is a noticeable increasing trend for annual crops during the study 
period, independent of property size. This trend was more pronounced in large properties, 4.1% in 
2014, with almost three times the area compared to 2004. The same can be observed for small 
properties but at a smaller scale of only 1.4% of land use, reaching 9,497 km2 in 2014, and equivalent 
to the initial value for large properties in 2004. 
 
      
          
Figure 2.10 - Land use of the most representative thematic categories: annual crops, pastures: clean and dirty, secondary 
vegetation (km2). Mapped at the property level according to the three sizes of the Forest Code: small, medium and large. 
(Sources: MMA & Terraclass(INPE-EMBRAPA)) 
  
                                                          
26 Land use at the property level (small, medium and large) by states is available in Appendix 9.2 – Table S 2.2. 
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Table 2.11 – Land use and land cover of the more representative thematic categories: annual crops, pastures: clean and 
dirty, secondary vegetation, in km2, mapped at the property level according to the forest code three size categories: small, 
medium and large. (Sources: MMA & Terraclass(INPE-EMBRAPA)) 
Thematic 
category 
Property 
size 2004 2008 2010 2012 2014 
Crops small 3,553 7,270 8,867 9,084 9,497 
(0.7%) (1.2%) (1.4%) (1.5%) (1.4%) 
medium 5,252 8,412 9,667 10,167 10,468 
(1.0%) (1.4%) (1.5%) (1.6%) (1.6%) 
large 9,751 19,887 22,597 24,415 27,152 
(1.8%) (3.2%) (3.6%) (3.9%) (4.1%) 
Clean Pasture small 134,769 159,418 162,373 169,598 183,950 
(24.7%) (25.9%) (25.7%) (27.4%) (28.0%) 
medium 45,292 51,177 52,093 51,532 55,463 
(8.3%) (8.3%) (8.2%) (8.3%) (8.4%) 
large 118,061 123,670 124,495 121,077 129,609 
(21.7%) (20.1%) (19.7%) (19.6%) (19.7%) 
Dirty pasture small 53,859 48,286 53,711 41,067 46,995 
(9.9%) (7.8%) (8.5%) (6.6%) (7.1%) 
medium 14,777 14,813 15,073 12,366 12,733 
(2.7%) (2.4%) (2.4%) (2.0%) (1.9%) 
large 34,413 35,547 32,918 31,051 28,885 
(6.3%) (5.8%) (5.2%) (5.0%) (4.4%) 
Secondary 
Vegetation 
small 37,956 56,320 62,646 65,278 62,379 
(7.0%) (9.2%) (9.9%) (10.5%) (9.5%) 
medium 11,498 16,785 18,274 18,431 18,354 
(2.1%) (2.7%) (2.9%) (3.0%) (2.8%) 
large 29,647 45,968 47,626 47,548 49,182 
(5.4%) (7.5%) (7.5%) (7.7%) (7.5%) 
Other uses small 25,367 17,535 14,376 9,767 13,534 
(4.7%) (2.9%) (2.3%) (1.6%) (2.1%) 
medium 6,544 2,886 1,841 1,745 2,238 
(1.2%) (0.5%) (0.3%) (0.3%) (0.3%) 
large 14,575 7,229 6,081 5,657 7,414 
(2.7%) (1.2%) (1.0%) (0.9%) (1.1%) 
  Total 545,312 615,201 632,638 618,784 657,852 
 
(100%) (100%) (100%) (100%) (100%) 
 
 
Second, as expected, clean pasture is the dominant land use category for all sizes of properties, but 
each shows different trends. Small properties have increased their areas of pasture by 27% and also 
their share of land use from 24.7% (2004) to 28% (2014). In turn, large properties have expanded by 
only 9%, but with a declining trend from 21.7 to 19.7% between 2004 and 2014. Dirty pasture has a 
declining share in land use in all property sizes, while the largest portions are in small properties.  
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Third, natural regeneration has had an increasing share until 2012, followed by a slight decline in 
2014 for all property sizes. In small, medium and large properties the area increased by 40%, but at 
different scales, reaching 62,379 km2, 18,354 km2 and 49,182 km2, respectively, in 2014.  
I have now set the scene for the study, by providing relevant background information on global climate 
change, the importance of the Brazilian Amazon, patterns of deforestation, and early efforts to 
conserve the forest from land use change. I will now move to describing the general methods used in 
this study. 
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3 Data and methods 
 Data  
This study was set in a situation of great complexity, as Chapters 1 and 2 have shown. Nevertheless, 
the study is mostly based on freely accessible datasets from the Brazilian Government, available on 
the web (Appendix 9.1). Five datasets and their respective institutions were critical to the 
development and outcome of this study: Brazilian Environment Agency (Ibama); National Institute for 
Space Research (Inpe); Brazilian Forest Service (SFB); Brazilian Institute of Geography and Statistics 
(IBGE); and the Brazilian Central Bank. At the start of the study in 2016, as much as possible of the 
available data were collected to cover the study period 2004-2014, and updated whenever 
necessary. The period coincides with the start of PPCDAm and the first and last years of land use 
change maps of TerraClass. It is important to highlight that the analyses based on the above 
mentioned public databases show variable levels of uncertainty, but still provide the best available 
information to draw out trends and provide the necessary knowledge for the critical analysis that this 
thesis seeks to undertake.  
Ibama’s law enforcement dataset has detailed information of fines and embargoed areas, as a 
subset of the fines data, and this was updated on a daily basis (Table 3.1). Since 2004, the spatial 
information has improved significantly in quality and quantity. Therefore, more accurate spatial 
information is available for a growing number of fines and embargoes that have built up on the web 
in recent years. 
 
Table 3.1 Number of fines for the nine states of the Brazilian Legal Amazon: Acre (AC), Amazonas (AM), Amapá (AP), 
Maranhão (MA), Mato Grosso (MT), Pará(PA), Rondônia (RO), Roraima (RR) and Tocantins(TO). Source: Ibama 
Year/States AC AM AP MA MT PA RO RR TO Total 
2002 153 277 38 379 1,748 1,429 738 128 846 5,736 
2003 253  485  53  362  1,630  2,162  811  197  298  6,251  
2004 236  456  121  231  1,999  1,501  1,435  152  290  6,421  
2005 335  581  242  687  1,943  2,486  1,741  416  402  8,833  
2006 294  457  219  878  1,479  1,958  1,617  397  213  7,512  
2007 948  724  135  913  1,742  1,890  1,692  84  405  8,533  
2008 342  602  158  587  1,784  2,529  2,128  232  369  8,731  
2009 411  386  122  556  964  1,796  1,299  335  379  6,248  
2010 175  397  119  851  1,576  2,033  1,578  215  243  7,187  
2011 185  407  105  330  1,368  1,759  1,190  272  264  5,880  
2012 80  370  37  474  1,171  1,551  769  310  274  5,036  
2013 131  379  32  354  1,158  1,497  970  169  216  4,906  
2014 147  471  25  188  1,190  1,805  777  127  233  4,963  
2015 129  421  350  173  1,124  1,938  1,189  250  317  5,891  
2016 286  415  70  300  1,025  1,444  1,299  179  112  5,130  
Total 4,105  6,828  1,826  7,263  21,901  27,778  19,233  3,463  4,861  97,258  
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Inpe’s database of deforestation holds high resolution information of Amazon deforestation and 
land use change, included in Prodes and TerraClass programmes, respectively. In addition, Inpe holds 
the AMBDATA27, a comprehensive database of environmental variables for species distribution 
modelling, that gathered data from different official sources.  
Deforestation is measured annually with a minimum detectable area of 6.25ha28(Camara et al., 2006; 
Inpe, 2017) (Table 2.2). TerraClass is a more recent programme and has already delivered seven land 
use maps for the Amazon (Table 2.9)(Almeida et al., 2016). This study will consider the three most 
representative land uses: agriculture (6%), pastures (63%) and secondary vegetation (23%), in the 
2014 mapping. The first two are well described in the literature as the main drivers of deforestation 
in the Amazon region during the last 50 years (Fearnside, 1983; Hecht, 1992; Moran, 1993; Walker et 
al., 2000; Nepstad et al., 2006; Aguiar et al., 2007; Fearnside et al., 2013). For simplicity, the four 
pasture categories will be grouped in two classes29: clean pasture (c) – herbaceous pasture; and dirty 
pasture (p) includes the remaining three categories - shrubby pasture, pasture with exposed soil and 
regeneration with pasture. Finds of secondary vegetation, the third land use category, in the 
literature include two main possibilities: permanent land or temporarily abandoned land (Laue and 
Arima, 2014). The former suggests an ongoing restoration process and the latter could be part of a 
fallow period in the land use cycle that might last for as long as decades, until it is again cleared 
(Moran and Brondizio, 1998; Moran et al., 2000; Bowen et al., 2007; Nunes et al., 2015; Paula et al., 
2017).  
The Brazilian Forest Service holds the spatial environmental registry system for all rural properties 
(SICAR) across the national territory. This is a requirement of the new Forest Code Law 12,651 and 
CAR regulation decree 7,830 enacted in 2012 (Brazil, 2012a; Brazil, 2012b), with the intention of 
enforcing and monitoring compliance with environmental law. So far, the Legal Amazon states have 
already registered close to 235million ha and more than 1 million properties (Brazil, 2018) (Table 
3.2). Every property with an entry recorded in the system includes spatial information about their 
limits, legal reserve, permanent preservation areas and productive area.  
The CAR registry is based on an electronic self-declaration system on the part of the property owner 
who uploaded to the system (SICAR). Thus, after registration in the CAR database, validation is 
                                                          
27 Environmental dataset for modelling species distribution (http://www.dpi.inpe.br/Ambdata/index.php ) 
28 This is to keep consistency along the time series that started with manual mapping on paper, in which the 
area of 1x1mm represented 6.25ha. Details can be found at the PRODES program webpage and 
documentation. (http://www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes )  
29 This grouping will clearly separate out the most active pasture (c) from the least active (p). Also, it will 
simplify the analysis of over 36M land use polygons.  
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carried out by state environmental agencies, resulting in two routes for property owners to follow: 1) 
ACTIVE: when owners fulfil all of the requirements; and 2) STAND-BY: when owners do not fulfil all 
the requirements. In the latter scenario, the landowner requires a plan for restoring degraded areas 
(PRA in Portuguese), be committed to resolving environmental liabilities such as Legal Reserve (LR) or 
Permanent Preservation Areas (PPA) deficits. In turn, the CAR can become ACTIVE. Relevant 
information is open to the public for downloading on the Forest Service website, a powerful tool 
allowing consumers, industry and banks to identify deforestation and illegality on each of the 
properties to which they are related. 
Table 3.2 – Summary of the environmental rural registry (CAR) for the nine states of the Legal Amazon: area (ha) and 
number of properties (accessed on 24Sep2018). (Source: MMA) 
UF State 
Registered area  
(ha) 
Number of registered 
properties 
AC Acre 9,466,751 49,436 
AP Amapá 3,389,535 13,798 
AM Amazonas 31,226,115 78,804 
MA Maranhão 20,227,118 182,904 
MT Mato Grosso 73,383,593 196,676 
PA Pará 60,929,655 329,872 
RO Rondônia 12,532,260 135,993 
RR Roraima 4,837,399 22,416 
TO Tocantins 17,247,100 84,907 
 Sub-Total 233,239,526 1,094,806 
 BRAZIL 463,133,803 5,321,742 
 
IBGE statistical database holds all the baseline economic and social data needed for this research. 
The organization is responsible for producing most of the official statistics and indicators of the 
Brazilian Government. For instance, IBGE is responsible for: the agricultural census; demographic 
census; and annual production by municipalities of: agriculture; livestock; and, timber; monthly 
economic indicators; political borders (national, states and municipalities); Legal Amazon boundaries; 
biomes and ecosystems borders; and so on (see Appendix 9.1). 
  
Finally, the Brazilian Central Bank holds data on all the loans and subsidies given by all Brazilian 
banks for agriculture and livestock development (Table 3.3). All information is available yearly at the 
municipality level (Figure 3.1). 
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Table 3.3 – Summary of agricultural loans (2004-2014) for the nine states of the Legal Amazon: Acre (AC), Amazonas (AM), 
Amapá (AP), Maranhão (MA), Mato Grosso (MT), Pará(PA), Rondônia (RO), Roraima (RR) and Tocantins(TO).  Source: 
Brazilian Central Bank 
 Agriculture Livestock Total  
State 
Value* 
(millions R$) 
Number of 
contracts 
(thousands) 
Value* 
(millions R$) 
Number of 
contracts 
(thousands) 
Value* 
(millions R$) 
Number of 
contracts 
(thousands) 
AC         440                  44           1,638                  51        2,078                  95  
AM         981                  87           1,114                  54         2,095                140  
AP        146                  10                86                    5            232                  14  
MA    10,075          465           8,072                932      18,147            1,397  
MT    65,030                166         29,114                324       94,144             490  
PA      3,810              221        10,925                379       14,735                600  
RO      2,705                  87           9,389                212       12,094                299  
RR         335                  12              530                  18           865                  30  
TO     7,850                  62       11,178                207       19,028                269  
Total    91,373            1,153        72,046            2,181    163,419            3,334  
* Values deflated to June 2016 in Brazilian Reais (R$) using the General Prices Index (IGP-M, Brazilian acronym)  
 
 
  
Figure 3.1 - Brazilian Central Bank agriculture (A) and cattle (B) loans value (x R$ 1,000,000) in the Legal Amazon 
accumulated in the study period 2004-2014.(Source: Brazilian Central Bank) 
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 Methods 
 
I used two distinct techniques to investigate the possible influence of law enforcement operations in 
the field on deforestation (Chapter 4); on land use change (Chapter 5); and, on persistence of natural 
regeneration (Chapter 6).  
The first technique applied a quasi-experimental design with a spatial autoregressive model with a 
cross-sectional approach to data on deforestation and persistence of natural regeneration. The 
second technique used was a Difference-in-differences with entropy balance to answer the question 
of land use change. Data availability helped define the appropriate method to answer the three 
major lines of enquiry of this study. All statistical analyses were performed in STATA 15.1. The 
following paragraphs will provide details of how the two techniques were implemented. 
First, in Chapters 4 and 6, the analyses drew on the cross-sectional methodological approach, to 
address whether environmental law enforcement, alone or in combination with other drivers, may 
have influence over rates of deforestation (Chapter 4), and over the persistence of natural 
regeneration (Chapter 6) in the Brazilian Amazon. The analyses covered the period 2004-2014, to 
shed light on the possible influence of law enforcement. Thus, I proceeded with the following steps: 
data collection and preparation, selection of variables, analysis and hypothesis testing. 
The initial step consisted of collecting, preparing and organizing all the available spatial and non-
spatial information. Therefore, the appropriate data from the databases (Appendix 9.1) were 
organized in a ArcGIS 10.4 geodatabase environment, and their consistency checked. All non-spatial 
data were integrated into the geodatabase using the Brazilian official municipality codes as the 
reference for reducing the information of the 772 municipalities into a data set suitable for this 
specific study. After completing this step, all datasets were organized and made ready for use in 
selecting the appropriate variables for the analysis. 
Firstly, I sought an appropriate group of variables by searching the literature for their possible 
relationhip to,  or influence on, deforestation and/or the persistence of natural regeneration. The 
suggested list of variables  includes: policy-related variables to combat deforestation: fines and 
embargoed areas (Becker, 1968; Gratwicke, 2007; Iglesias et al., 2012; Schmitt, 2015; Schmitt and 
Scardua, 2015); federal government priority list of municipalities (Alix-Garcia et al., 2017); land use 
designation: protected areas, indigenous lands and settlements (Soares-Filho et al., 2010; Aldrich et 
al., 2012; Alencar et al., 2016); farm characteristics (Perz and Skole, 2003b): share of properties with 
CAR (Alix-Garcia et al., 2017); socio-economic: population density, rural population density, in-
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migrants (Moran et al., 2000; Perz and Skole, 2003b; Ludewigs et al., 2009; Mills Busa, 2013; Wortley 
et al., 2013), values of subsidized credits for crops and livestock (Hargrave and Kis-Katos, 2013; 
Assunção et al., 2015; Cisneros et al., 2015); non-traditional land use (Perz and Skole, 2003b): soy 
area, heads of cattle, logging/forestry, persistent area of agriculture and clean pasture (Fearnside, 
1983; Kaimowitz, 2002; Arima et al., 2011; Bowman et al., 2012; Latawiec et al., 2015), regular 
technical assistance (Alencar et al., 2016), number of companies, land value (Hecht, 1985; Alston et 
al., 1995; Merry et al., 2008; Bowman et al., 2012; Hargrave and Kis-Katos, 2013), income unequality 
(Gini index), GDP; municipality area; acessibility: roads/highways and roads/highways junctions 
(Pfaff, 1999; Laurance et al., 2002; Soares-Filho et al., 2004; Fearnside and de Alencastro Graça, 
2006; Perz et al., 2007; Pfaff et al., 2007; Hargrave and Kis-Katos, 2013; Arima, 2016); and 
enviromental/biophysical conditions: rainfall, temperature, fires, slope and non-forest areas 
(Kuhlman, 2005; Aguiar et al., 2007; van Marle et al., 2017).  Then, the presumably relevant variables 
were checked for multicollinearity in order to proceed to the next step with only the most 
appropriate and least inter-correlated variables. 
As good practice to avoid multicollinearity (Kutner et al., 2004), all correlation coefficients above 0.65 
were identified to prevent the use of these variables simultaneously. The assumption of no severe 
multicollinearity was examined using variance inflation factor (VIF) values below 5.0, the threshold 
value suggested by Studenmund (2014) for severe multicollinearity.  
The next step was the cross-sectional analysis, in a standard specific to general approach (Elhorst, 
2010; Golgher and Voss, 2016). Therefore, the analysis started with a non-spatial linear regression 
model (OLS) as a reference, with the assumption that observations are independent and do not 
suffer from spatial inter-dependence. As a non-spatial model, this approach is commonly used as a 
diagnostic tool for the evaluation of the model specifications, and as a benchmark for comparisons 
with spatial models. Next, the Moran and Breusch-Pagan tests were applied to check for spatial auto-
correlation and heteroscedasticity, respectively. 
Tobler’s First Law of Geography (Tobler 1970) states: ‘Everything is related to everything else, but 
near things are more related than distant things.’ Therefore, once the OLS was rejected, and before 
moving to the spatial models analysis, the spatial weight matrix (W) was created. In this case, the 
spatial weight matrix was based on the inverse distance of the centroids of the municipalities (row 
standardized to 1) was more appropriate due to considerable differences in size and shape of the 
Amazon municipalities. 
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Next the three spatial models, named spatial error model (SEM), spatial lag model (SAR) and their 
combination, the Kelejian-Prucha model (SAC), were estimated. Subsequently, I runned a test to 
reject the more restricted models: SAR or SEM, in favour of the combined model (SAC). Thus, it was 
possible to identify what model best described the data. 
Formally, in cross-section data analysis, the four models are calculated as: 
OLS:           Y =    +    +   
SAR:           Y =   Y +    +    +                                                 ≠ 0 
SEM:          Y =    +    +                            =     +              ≠ 0 
SAC:           Y =   Y +    +    +             =     +              ≠ 0 and   ≠ 0 
Where: 
 
  is the persistent natural regeneration or deforestation 
  is the enforcement variable (number of fines) 
   the matrix of control variables 
  the corresponding parameter vectors of   &   
  no spatial-dependent error 
  is the autoregressive spatial scalar in   
  is the autoregressive spatial scalar in   
  the spatial-weighting matrix 
  spatial-dependent error. 
 
 
In contrast to the first approach that considered the full period 2004-2014 of PPCDAm in a cross 
section analysis, the second approach considered the priority list policy (see Section 3.2.1), which led 
to law enforcement intensification on this priority group of municipalities with high rates of 
deforestation, also known as the “black list”. This official act of the Brazilian government 
consolidated deforestation hotspots where the law enforcement has been intensifying its actions 
since 2005 (Figure 3.2). 
In this case, I assessed the possible influence of law enforcement on land use and land cover change 
(Chapter 5) by comparing listed (treatment) and non-listed (control) municipalities before and after 
the first priority list had been released in early 2008. The analyses of land use and land cover change 
were also performed at the property level: small and medium-large, and settlements. The following 
paragraphs will describe the two major steps of this approach and explain the priority list criteria. 
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Figure 3.2 – Ratio of the number of fines per km2 deforested for priority (P) and non-priority (NP) municipalities in the 
Brazilian Amazon. Figures are restricted to 494 municipalities with >10% forest cover in 2004, Source: MMA & Terraclass. 
 
In order to explore possible causal inferences (Holland, 1986), I  built a reasonable counterfactual for 
land use and land cover change, and socio-economic indicators trends of the priority municipalities in 
case they were not listed. Consequently, I applied a quasi-experimental research design In Chapter 5. 
This technique has recently emerged as an important tool in other areas of knowledge like health, 
combining Difference-in-Differences with entropy balancing (Hainmueller, 2012). The technique has 
been progressively used in land system science (Meyfroidt et al., 2014), and assessments of 
conservation success (Ferraro et al., 2007; Ferraro, 2009). 
This approach started with the selection of a control group, out of the non-listed municipalities, 
based on observable characteristics pre-treatment (2008) that are relevant and may have influenced 
the outcome variables. The idea behind this adjustment technique is to balance covariates to restrict 
the analysis to comparable municipalities. Therefore, the control group is constructed by a synthetic 
control method. The maximum entropy reweighting technique was proposed by Hainmueller (2012).  
This emerging procedure is straightforward to implement and focus directly on balancing covariates, 
assigning weights to each of the non-listed municipalities (control) such that the reweighted data are 
nearly the same of the specified moment conditions (first order: means and/or higher-ordered 
moments: variances and skewness) of the priority list (treated group). In this case, the first moment 
of the covariates, namely the mean, of treated and control groups is balanced, unless otherwise 
noted. 
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Hainmueller (2012) highlights advantages in adopting this procedure in observational studies. Most 
importantly, entropy balance increases balance quality, since the weights are directly adjusted to 
known sample moments, eliminating covariate unbalance more efficiently, thus, performing better 
than conventional matching techniques (Zhao and Percival, 2015; Parish et al., 2017; Koch et al., 
2019). A second advantage is that the reweighting method also retains valuable information by 
allowing the unit weights to vary smoothly, while units are either discarded or matched with nearest 
neighbour matching technique. Third, this pre-processing technique is versatile and the resulting 
balance can be easily applied to almost any standard estimator for the subsequent estimation of 
treatment effects. In summary, these balance improvements can reduce model dependence for the 
subsequent estimation of treatment effects. However, I had to consider that unobserved factors 
could not be accounted for in the reweighting approach. Only the measured covariates are 
controlled for, and any omitted factors can result in biased impact estimates (Parish et al., 2017).  
I implemented the entropy balancing pre-processing approach using the ebalance package for Stata 
(Hainmueller and Xu, 2013), with all default options, unless otherwise noted in the text. 
Nevertheless, the sample size restricted the balancing to a limited number of covariates. 
After the entropy balancing weights were fitted and the covariate distributions were adjusted, I 
proceeded to the difference-in-differences analysis. This is an effective procedure to reduce bias 
since any time-invariant unobservable differences between listed and non-listed municipalities are 
eliminated by controlling the outcomes differences in pre and post-policy moments. After this 
stepwise approach was completed I was able to assess possible significant effects of law 
enforcement on land use and land cover change, and socio-economic indicators.  
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3.2.1 The priority municipalities list 
 
Late in 2007, the preliminary results of deforestation monitoring showed a rebound, in contrast to 
the consistent trend of reduction seen since the beginning of PPCDAm in 2004. These results led the 
Brazilian government to adopt new measures against deforestation. Therefore, a Federal Decree 
6,321/2007 was enacted establishing that the Ministry of the Environment (MMA) should publish an 
annual list of priority municipalities in the Legal Amazon with recent high levels of deforestation, 
based on INPE’s official deforestation monitoring system. So, the priority list would include the 
municipalities that have experienced the highest rates deforestation in recent years (Brazil, 2007; 
Moutinho et al., 2016). Also, these municipalities became the focus of integrated measures to 
strengthen control actions such as ground operations for combating deforestation, restrict new 
authorizations for forest clearing, and improve territorial planning and sustainable economic 
activities. 
Consequently, the first list was released in early 2008 with 36 municipalities that had recently been 
deforested the most, according to the following criteria: (i) total deforested area; (ii) total area 
deforested in the last three years; and (iii) increase in deforestation rate in at least three of the last 
five years. At the same time, a decree outlined the criteria for leaving the list of priority 
municipalities: (i) 80% of its territory registered in the CAR, excluding areas of PAs and indigenous 
lands; (ii) maintain the annual deforestation rate below the limit established in an ordinance of the 
Ministry of the Environment, currently at 40km2/year; and (iii) for the most recent three years, the 
average must be 60% lower than the average of the previous three years. Presently, the list has 41 
priority municipalities, known colloquially as “blacklist”. Meanwhile, eleven municipalities that had 
met the criteria, left the list, and were re-named as municipalities with “deforestation under control” 
(Figure 3.3 and Appendix 9.3). Nevertheless, Cisneros et al. (2015) and Koch et al. (2019) 
unsuccessfully tried to reconstruct the first list based on the published criteria. This uncertainty on 
the initial priority list policy assignment rules helped define the method implemented in Chapter 5, 
as I could not use the regression discontinuity.  
Furthermore, as in any research for public policy, the criteria for inclusion and exclusion of 
municipalities has been updated throughout implementation. The inclusion criteria became stricter 
in subsequent years, as deforestation was reducing. Thus, 52 municipalities have been included since 
2008. In contrast, the control group was formed by municipalities that never reached the criteria to 
be included in the priority list, despite the tightening of the inclusion criteria. The Legal Act of 2008 
ratified the strategy adopted by Ibama since 2005 to focus on the champions of recent deforestation. 
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As Figure 3.2 shows, the ratio of the number of fines per km2 start to increase faster in the priority 
municipalities compared to non-priority. Thus, the focus on strategic areas generated higher 
reductions than expected, while still impacting deforestation rates for the region as a whole (Dalla-
Nora et al., 2014). 
 
 
Figure 3.3 – The 772 Municipalities of the Brazilian Legal Amazon, highlighting the 52 priority municipalities. (Source: IBGE & 
MMA) 
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4 Law enforcement and deforestation 
 
 Abstract 
 
The control of tropical forest loss presents one of the greatest environmental challenges of all time. 
In this context, Brazil has adopted policies during the past decade or so that have sharply reduced 
Amazon forest loss, a globally recognized mitigation initiative. A strong combination of different 
policies and actors have made this achievement possible, and environmental law enforcement is 
thought by some to have played a key role. Despite all these advances, it is still important and 
necessary to better understand where, how, and under what conditions, law enforcement has been 
most effective, considering an economic model of crime where the aim of law enforcement was to 
increase deterrence and thereby behaviour change. So, this study draws on a spatial cross-sectional 
methodological approach, to address whether environmental law enforcement operations on the 
ground, alone or in combination with other drivers, may have influenced rates of deforestation in the 
Brazilian Amazon for the period 2004-2014. The results confirmed the important influence of law 
enforcement along with other factors on reduction of forest loss. However, there are some 
administrative limitations to tackling law enforcement, as a shift and modernization of the 
environmental police strategy is imperative to face the new challenges, and the appropriate 
implementation of CAR policy will be crucial. This must be combined with a basket of initiatives to 
value the forests and support alternatives for a more balanced development, with a virtuous 
combination of low carbon agriculture and the maintenance of the natural assets with the 
appropriate compensation for that, like REDD and/or payments for ecosystem services.  
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 Introduction 
The loss of forest cover negatively impacts climate change (IPCC, 2014a) and in turn causes loss of 
biodiversity (SCBD, 2003; SCBD, 2014), while also increasing tropical diseases (Wilcox and Ellis, 2006), 
and changes in water flow regimes, both on the ground at sea and in the atmosphere (Davidson et 
al., 2012). Furthermore, Lovejoy and Nobre (2018) warn of ‘a tipping point for the Amazon system, 
that will flip non-forest ecosystems’.  
In this context, Brazil has adopted policies that have sharply reduced Amazon forest loss, a globally 
recognized mitigation initiative (Tollefson, 2012; Hansen et al., 2013; Nepstad et al., 2014; Tollefson, 
2015). Consequently, these apparently successful policies have sparked interest from different areas 
of the scientific community who wish to understand this phenomenon from environmental, 
economic and social perspectives. 
The vast literature on tropical forests has not yet identified any silver bullets to tackle Amazon 
deforestation (Rudel et al., 2009a). Instead, a strong combination of different policies and actors 
have made achievements to date possible (Nepstad et al., 2009; Moutinho et al., 2016; Lambin et al., 
2018). Some authors have argued for fluctuations in commodity prices (Assunção et al., 2015), while 
others highlighted the decoupling of commodity prices in the late 2000s (Macedo et al., 2012). 
Soares-Filho et al. (2010) strongly argued for the importance of maintaining and creating PAs and 
indigenous lands, in strategic sites. Evidence also comes from increased governance and the basket 
of policies that were implemented including: i) the priority list (Assunção and Rocha, 2014) , ii) CAR 
(Alix-Garcia et al., 2017), iii) supply-chain initiatives (Nepstad et al., 2014; Lambin et al., 2018) like the 
soy moratorium (Gibbs et al., 2015) and cattle agreement (Alix-Garcia and Gibbs, 2017), and iv) credit 
restrictions on landowners involved in illegal deforestation (Nepstad et al., 2014; Assunção et al., 
2016). Furthermore, other studies call attention to a change in the  behavior of deforestation 
patterns, with an increasing predominance of small patches (MMA, 2018) and the growing 
participation of rural settlements (Alencar et al., 2016) and undesignated lands (Azevedo-Ramos and 
Moutinho, 2018). 
In this context, environmental law enforcement is thought to have played a key role in reducing 
deforestation, as the main pillar of this sharp reduction (Assunção et al., 2013; De Souza et al., 2013; 
Arima et al., 2014; Nepstad et al., 2014; Soares-Filho et al., 2014; Assunção et al., 2015; Borner et al., 
2015a; Borner et al., 2015b; Cisneros et al., 2015). However, all this apparent success could only be 
circumstantial (Schmitt and Scardua, 2015), as any new economic or political situation might bring 
acute instability to the system. 
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Ibama gained a major success with Inpe’s near real time deforestation monitoring system launched 
in 2004 (DETER) (Kintisch, 2007; Brown and Zarin, 2013). This technology reached deforestation 
hotspots in their early stages, avoided extensive losses of forest, while offenders would no longer go 
unnoticed (Taitson, 2011; Schmitt and Scardua, 2015). So far, increasing the focus of patrol effort on 
priority areas has proved to be effective in reducing illegal activity in the Amazon and in influencing 
land use change in critical areas (Barretto et al., 2013).  
Despite all these advances, it was still important and necessary to better understand where, how, 
and under what conditions, law enforcement was most effective (Hargrave and Kis-Katos, 2013). All 
studies cited so far have used deforestation data up to and including 2012. However, the 
characteristics of deforestation have changed since the late 2000s, ever since the percentage of 
deforested patches under 25ha continued to increase consistently, reaching 63% in 2010. Meanwhile 
large patches were severely reduced (Moutinho et al., 2016; Assunção et al., 2017; MMA, 2018). Two 
plausible explanations for these phenomena were discussed in Chapter 1: law enforcement focused 
on larger polygons first, and left the smaller ones for later; and offenders may have deliberately 
reduced the size of deforested areas below 25ha, to confuse the surveillance system, even in the 
large properties (Assunção et al., 2017).  
A driving force of surveillance is dissuasion. Here, actions and tools such as fines, embargoes, and 
arrests by law enforcement staff help to create (i) an atmosphere of fear of being caught, for those 
who have committed a crime, but also (ii) those who are thinking of the risks of undertaking any 
illegal activities. So, the aim of law enforcement is to induce behaviour change (Schmitt and Scardua, 
2015). Law enforcement has also had effects on other issues such as land use change that in turn 
influenced the economy of important commodities like soy and beef. 
In the complex context of the Amazon: law enforcement, levels of illegality, impunity of legal 
processes, insecure land rights, land speculation and land abandonment, all play a part in 
deforestation. Thus it is appropriate to consider a model of economic crime, such as that proposed 
by Becker (1968), as a framework to guide the research. Here, I present a simplified version that can 
be summarized by the equation:  
  =    −  (   ∗   ) 
Where  
  is crime 
   is crime benefits 
   is punishment probability 
   is crime costs  
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The product of (   *   ) represents the disadvantages of crime. So, as long as    > (   *   ), illegal 
activities will still continue to allow crime to pay for itself.   
Besides the economic model of crime, Sutinen (1987) also proposed a quantitative model to measure 
the deterrence value of environmental law enforcement. The model seeks to express, in monetary 
terms, the risks of crime compared to profits to be obtained from illegal activities. So, it considers all 
stages of enforcement at which to calculate deterrence value: probability of crime detection, fine, 
persecution and conviction, fine value, interest rate and elapsed time for the fulfilment of the 
sanction. In the final analysis, as long as the deterrence value is lower than the profit obtained from 
crime, offenders will continue with their crimes, as found with rhinos and elephants in Zambia 
(Leader-Williams et al., 1990; Milner-Gulland and Leader-Williams, 1992). Deterrence has the 
objective of ending, or at least, reducing crime through the fear of being punished under the law. It is 
expected to have direct effects on the individual to not be recidivist, and indirect, on other 
individuals who are considering to commit a crime. So, the aim of law enforcement is to increase 
deterrence and thereby encourage behaviour change (Schmitt and Scardua, 2015). 
In a nutshell, patterns of deforestation involve a complex chain of interactive factors that are very 
difficult to quantify and interpret (Araujo et al., 2009; Nepstad et al., 2009; Nepstad et al., 2014; 
Azevedo et al., 2015; Fearnside and Figueiredo, 2015; Moutinho et al., 2016). The aim of this chapter 
is to evaluate the impact of environmental law enforcement police in halting deforestation among 
other factors that might have influenced deforestation whether alone or in combination, and 
whether positively or negatively. 
Therefore, it is important to extend the analysis across two dimensions, over both temporal and 
spatial scales, in order to provide information for new strategies and more tailored policies to 
improve governance. Thus, this chapter will undertake an analysis of the relationships between 
command and control, and deforestation, by asking the question: How and to what extent has 
environmental law enforcement influenced rates of deforestation in the Brazilian Amazon at the 
municipality level?  
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 Methods  
 
4.3.1 Study area 
 
The study area for this chapter consists of 760 municipalities monitored by PRODES/Inpe during the 
study period, 2004-2014. Twelve municipalities were not considered by PRODES for this study. First, 
Mojuí dos Campos, in Pará state, was officially emancipated from Santarém municipality in 2013, 
almost at the end of the study. Second, the other 11 municipalities: Buriti Bravo, Cachoeira Grande, 
Codó, Icatu, Morros, Paraibano, Presidente Vargas, São João Do Soter, Senador Alexandre Costa, 
Timbiras, Vargem Grande, are all in Maranhão state, at the eastern boundary of the Legal Amazon 
limits defined by the meridian 44o W (Figure 4.1). 
 
 
Figure 4.1 – Legal Amazon 772 municipalities, highlighting (in red) 12 not considered by Prodes/Inpe, the deforestation 
monitoring program of the Brazilian Institute for Space Research (11 in Maranhão state: Buriti Bravo, Cachoeira Grande, 
Codó, Icatu, Morros, Paraibano, Presidente Vargas, São João Do Soter, Senador Alexandre Costa, Timbiras, Vargem Grande 
and one in Pará state: Mojui dos Campos).(Source: IBGE)  
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4.3.2 Data 
 
The datasets used for the analysis in this chapter derive from the period 2004-2014 and comprise the 
freely accessible data sources of the Brazilian Government (Appendix 9.1). The critical datasets 
chosen to investigate the influence of environmental law enforcement on deforestation were as 
follows:  
 the fines and embargoes from the Brazilian Environmental agency (Ibama);  
 annual deforestation rates, land cover and land use change, fires hotspots; climatic data 
including rainfall and temperature (Inpe);  
 agriculture and livestock loans (Brazilian Central Bank);  
 CAR – rural environmental property registry (Brazilian Forest Service);  
 priority municipalities and protected areas (MMA);  
 indigenous lands (FUNAI);  
 settlements (INCRA);  
 heads of cattle, soybean, logging, technical assistance, GDP, companies, population, Gini 
index, land value, roads and municipality area (IBGE). 
 
4.3.3 Research design and methodology 
As outlined in more detail in Chapter 3, this investigation focussed on the influence of law 
enforcement on deforestation, and  followed the sequence: data collection and preparation; 
selection of variables; analysis; and tests of the hypotheses.  
A selected group of explanatory variables was chosen based on findings of previous studies for their 
possible relation or influence (+/-) on deforestation in the Brazilian Amazon, and checked to avoid 
any severe multicollinearity (VIF) (Table 4.1).   
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Table 4.1 – Statistics summary of the selected variables for the models (mean and SD.), the possible impact trend on 
reducing deforestation (+ and/or -), and the Variance Inflation Factor (VIF) test result for severe multicollinearity. 
Variable  
description 
Abbreviations*** Obs Mean Std. Dev. 
Possible 
impact on 
reducing 
def. 
VIF* 
Deforestation change (2004-2014) (km2)  760     -29.0      75.5   
Number of Fines (2004-2014)  ai_n_04_14 760 96.8 225.7 + 1.4 
Priority municipalities mun_prioritario 760 0.1 0.3 + 1.1 
Nonforest areas (km2) non_forest-share 760 0.3 0.4 +/- 2.0 
Agriculture public loans 2004-2014 (R$)** credagr_value_04_14 760 118.3 406.7 +/- 1.9 
Livestock public loans 2004-2014 (R$)** credpec_value_04_14 760 93.8 130.5 +/- 1.5 
In-migrants population (2010) popnaonat2010 760 43.1 22.1 - 1.4 
Roads junctions (n) roads_junctions_ibge 760 42.0 54.9 - 1.5 
GDP per capita pib_percapita_2010 760 25.0 84.5 +/- 1.6 
CAR (km2) car 760 2,666.4 4029.8 + 4.0 
Settlements (2014) (km2) settlements_14 760 472.7 1151.1 +/- 1.4 
Strict Preservation protected areas (km2) ucpi_14 760 592.6 2,842.2 + 1.5 
Sustainable use Protected areas (km2) ucus_14 760 706.1 3,059.0 + 1.6 
Indigenous Lands (km2) ti14 760 1,439.2 6,210.5 + 2.8 
Annual Rainfall (mm/year) rainfall 760 1,902.4 405.4 +/- 1.6 
Maximum temp (oC) tmax_tmq 760 26.6 1.0 +/- 3.9 
* Significant values > 5.00 (analysis performed in Stata 15) 
** Values deflated to Jun/2016 in Brazilian Reais (R$) using the General Prices Index (IGP-M, brazilian acronym) 
*** Abreviations used in Table 4.2 
 
On this basis, the model had ‘Deforestation change from 2004-2014’ as the dependent variable. 
Meanwhile, fines were the independent variable of interest. Furthermore, the explanatory variables 
to control for other factors were as follows: priority municipalities (dummy variable), the non-forest 
area, agriculture and livestock public loans, in-migrants population, accessibility measured by all 
roads/highways whether paved or not, GDP, CAR share area in the municipality, settlements, PAs for 
strict preservation and sustainable use, indigenous lands, annual rainfall and maximum temperature 
of the three hottest months of the year (June-July-Aug) (Table 4.1 and Appendix 9.4 - Figure S 4.1), 
With the independent variables of interest: fines against embargoes presented a high correlation of 
0.87, so I opted to use environmental law enforcement fines, for three reasons. First, all embargoes 
were associated with a fine as part of the sanctions imposed on the offender.  Second, fines cover 
the full 10 years of the study, while embargoes only started in 2005 and so were not included in the 
first year of the study. Thus, fines provided the model with a more robust and consistent dataset, in 
this case with 70,399 against 19,348 records of embargoes. Third, in this specific situation where 
there are high levels of illegality, fines can represent a good measure of the presence of the 
environmental law enforcement staff in the field, to deter new attempts against the forest. 
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Next, the study undertook the cross-sectional analysis, in a standard specific to general approach 
(Elhorst, 2010; Golgher and Voss, 2016). The non-spatial Standard Linear Regression Model (SLM) 
estimated by ordinary least square (OLS) (Appendix 9.4 - Table S 4.2) was rejected by Moran and 
Breusch-Pagan tests. As expected, municipalities are explicitly spatial-dependent, meaning the 
sample is not randomly distributed but rather geographically determined. Consequently, as outlined 
in more detail in Chapter 3, the spatial weight matrix (Wdef) was generated for the estimated spatial 
models. Thus, the next section: Results and Discussion, will explore the results of the spatial models. 
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  Results and Discussion 
4.4.1 The spatial regression model analysis 
The results of the SAC model definitely support the importance of the environmental police in 
curbing Amazon forest loss. The model results are robust and consistent, considering the wide 
variety of perturbations to which the models have been exposed. The test of the null hypotheses to 
impose restrictions to the more general model (SAC) and adopt the SAR (  = 0) or SEM (  = 0) were 
not confirmed, as both were rejected (Appendix 9.4 – Table S 4.3). Accordingly, the following 
paragraphs will present and discuss the results of the impact evaluation on deforestation SAC model 
(Table 4.2). 
The overall results of the SAC predicted most of the variables as expected. Therefore, the next 
paragraphs will explore how policies implemented by the Brazilian government, as part of their 
action plan to prevent and control deforestation, have contributed to reduce deforestation. By 
contrast, the results also suggest that some policies, including settlements and GDP, an economic 
indicator, have more influence on forest loss than others. 
Fines 
The model suggests a significant marginal effect of fines on deforestation, including indirect effects, 
spillover to other municipalities. Indeed, for each fine there is a reduction in deforestation of 9.75 ha  
(4.89-14.62) (p<0.001), based on the 95% confidence interval (Table 4.2).These results provide good 
evidence of the role of law enforcement in halting deforestation, as found in previous studies 
(Assunção et al., 2013; Hargrave and Kis-Katos, 2013; Assunção et al., 2015; Borner et al., 2015a). 
Fines and embargoes are a consequence of the presence of law enforcement officers on the ground 
in the Amazon. Moreover, the presence of environmental police increases the likelihood of detection 
and capture. 
Indeed, since 2004, the first year of PPCDAm, Ibama’s ground operations in priority areas have 
become more frequent and prolonged. A clear change in the law enforcement strategy was catalysed 
by a considerable increase in the availability of financial and human resources. Furthermore INPE 
successfully developed and operated the near real time forest loss detection system.  Since 2004, 
DETER has guided the law enforcement teams on the ground. In the early days of the system, it 
started providing 250m spatial resolution MODIS data once a month. It has since evolved to the 
current version, DETER-B, with daily information at 64 and 56m spatial resolution from WFI sensor on 
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board of CBERS-4 and AWiFS from the Indian Remote Sensing Satellite (IRS), respectively (INPE, 
2016a).   
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Table 4.2 – Impact evaluation of deforestation SAC model: direct, indirect and total effects. 
 
 Average impacts (n=760)   Delta-Method   
  dy/dx Std. Err. z P>z 
direct     
Number of Fines (2004-2014) -0.098 0.025 -3.93 0.000 
Priority Municipalities -63.881 16.536 -3.86 0.000 
Non-forest area share 26.794 6.475 4.14 0.000 
Agriculture loans value 2004-2014 0.004 0.007 0.57 0.572 
Livestock loans value 2004-2014 0.012 0.026 0.44 0.657 
In-migrants in 2010 -0.324 0.099 -3.27 0.001 
Roads/Highways junctions (km) -0.206 0.082 -2.50 0.012 
GDP per capita 0.048 0.022 2.15 0.031 
CAR -0.007 0.002 -3.12 0.002 
Settlements area 2014 0.006 0.002 2.94 0.003 
Strict Preservation PA 2014 -0.002 0.001 -2.08 0.038 
Sustainable Use PA 2014 0.006 0.002 2.54 0.011 
Indigenous Lands 2014 -0.001 0.001 -1.19 0.234 
Rainfall (mm/year) 0.002 0.008 0.23 0.820 
Average Temp hottest Quarter (Jun-Aug) (oC) -2.132 3.466 -0.61 0.539 
indirect     
Number of Fines (2004-2014) 0.241 0.122 1.98 0.048 
Priority Municipalities 158.051 61.169 2.58 0.010 
Non-forest area share -66.292 35.505 -1.87 0.062 
Agriculture loans value 2004-2014 -0.010 0.020 -0.52 0.603 
Livestock loans value 2004-2014 -0.029 0.067 -0.43 0.669 
In-migrants in 2010 0.801 0.459 1.74 0.081 
Roads/Highways junctions (km) 0.510 0.336 1.52 0.129 
GDP per capita -0.120 0.078 -1.54 0.124 
CAR 0.016 0.011 1.50 0.134 
Settlements area 2014 -0.014 0.008 -1.80 0.072 
Strict Preservation PA 2014 0.006 0.004 1.50 0.133 
Sustainable Use PA 2014 -0.014 0.011 -1.37 0.172 
Indigenous Lands 2014 0.003 0.003 0.91 0.363 
Rainfall (mm/year) -0.004 0.019 -0.23 0.817 
Average Temp hottest Quarter (Jun-Aug) (oC) 5.274 7.926 0.67 0.506 
total     
Number of Fines (2004-2014) 0.144 0.115 1.25 0.210 
Priority Municipalities 94.170 63.696 1.48 0.139 
Non-forest area share -39.498 32.890 -1.20 0.230 
Agriculture loans value 2004-2014 -0.006 0.013 -0.48 0.631 
Livestock loans value 2004-2014 -0.017 0.042 -0.41 0.683 
In-migrants in 2010 0.477 0.410 1.16 0.245 
Roads/Highways junctions (km) 0.304 0.283 1.07 0.284 
GDP per capita -0.071 0.065 -1.11 0.268 
CAR 0.010 0.009 1.04 0.300 
Settlements area 2014 -0.009 0.007 -1.20 0.229 
Strict Preservation PA 2014 0.003 0.003 1.09 0.275 
Sustainable Use PA 2014 -0.009 0.009 -0.98 0.328 
Indigenous Lands 2014 0.002 0.002 0.75 0.456 
Rainfall (mm/year) -0.003 0.011 -0.23 0.817 
Average Temp hottest Quarter (Jun-Aug) (oC) 3.142 4.712 0.67 0.505 
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The combination of the daily satellite monitoring system with the new law enforcement strategy has 
significantly changed the course of deforestation in the Brazilian Amazon during the past 13 years. 
Brazil has become internationally recognized for its strong approach towards climate change 
mitigation and its implementation, a successful policy to reduce tropical deforestation with a major 
input from law enforcement (Assunção et al., 2015; Tollefson, 2015). 
New Policies: Priority Municipalities and Rural Environmental Registry (CAR)  
Secondly, priority listed municipalities reduced deforestation more effectively 6,388 ha (3,147-9,629 
ha (p<0.001) than unlisted municipalities. At another scale, for every addition km2 of CAR, 0.6 (0.2 to 
1.0) ha (p=0.002) of forest loss was deterred (Table 4.2). 
In first place, the priority municipality list, also known as the ‘black list30’ (Assunção and Rocha, 2014; 
Moutinho et al., 2016), can be considered an operational and short term strategy. The list officially 
marked the priority areas in which command and control had been operating since 2005, with 
immediate effect and intensification of ground operations, and generate indirect effects in 
surrounding areas (Table 4.2 and Figure 3.2).  
Furthermore, the priority list turned out to be a cost-effective means to stimulate co-responsibility of 
district-level political elites. In other words, deforestation was ultimately also a problem of mayors 
and the local society (Cisneros et al., 2015). No mayor wanted to be listed for reputational and 
economic reasons. Also, investors did not want their businesses to be associated with areas 
supporting high rates deforestation. This is not good for their institutional image, so potential 
investors would move and/or invest somewhere else, often to unlisted neighbouring municipalities.  
Thus, listing provided the opportunity to mobilize the municipality governments, their productive 
sectors and civil society in search of partnerships with non-governmental organizations, state and 
federal government, and even international support to take the necessary measures and get off the 
“blacklist”. For instance, Alta Floresta municipality, in the north-west region of Mato Grosso state, 
was listed in 2008, and its high levels of deforestation led to a shortage of potable water for the 
population. This was reversed by mobilizing the local government, producers and civil society with 
the support of the Amazon Fund. These were discussed further by local NGOs and EMBRAPA, to 
restore springs and riparian forests, and to implement pilot projects to intensify the use of pasture, 
                                                          
30 NGOs, researchers and the press referred to the municipalities’ priority list as the “black list” of the top 
deforesters’ municipalities in the Brazilian Amazon.  
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to increase occupation and productivity without having to clear new areas. Four years later, in 2012, 
after intensive mobilization, Alta Floresta left the list of priority municipalities.  
Synchronously, the Monetary Council of the Central Bank of Brazil released Resolution 3545 (BACEN, 
2008), to strengthen the line of action of Decree 6,321/07, by setting new environmental standards 
in order to gain access to rural credit in the Amazon municipalities, especially for those denoted PM 
by restricting access to rural credit. Therefore, credit was conditional upon the presentation of 
documents proving the possession of the land and the environmental compliance, including proof of 
the absence of embargoes and/or areas deforested illegally on the property. In another important 
front against deforestation, Assunção et al. (2016) suggest that credit restrictions helped contain 
deforestation, mostly by reducing cattle loans, the main driver of deforestation. 
So far, the priority list established in 2008, had already shown a clear impact on reducing 
deforestation and an unexpected but very important positive result with natural regeneration (see 
Chapter 6).  
In turn, CAR policy suggests a mid to long term response. As a more recent policy (Brazil, 2012a; 
Brazil, 2012b), CAR still showed modest results in view of its future potential to containing illegal 
deforestation, by significantly increasing compliance with the Forest Code and consequently for the 
recovering of degraded areas. These results support those of Alix-Garcia et al. (2017) and Azevedo et 
al. (2017) who also do not indicate any important reductions in deforestation after CAR policy 
implementation. Moreover, CAR is being progressively incorporated as a mandatory requirement for 
farmers in obtaining bank loans for agriculture and livestock.  
Therefore, CAR is expected to play an important role in reducing deforestation in the near future, 
since private properties contributed annually with the largest portion of forest loss in the Amazon. 
CAR used to embrace almost half of annual deforestation in 2004, but dropped to 27% in 2009. 
However, since then it has shown a consistent upward trend and reached 34.8% in 2014 (Appendix 
9.2 – Table S 2.1).  
Moreover, deforested areas in private properties, whether or not with CAR, were further categorized 
into three groups: legal, illegal and unintentional illegal. The first group represents landowners with 
the appropriate authorization to suppress native vegetation, in compliance with the environmental 
law. The second group is represented by the different kinds of offenders, always operating outside 
and in disagreement with the current environmental law. The last category represents landowners 
willing to work in compliance with the law and only use the amount of land that is permitted. 
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However, due to delays in obtaining the proper authorization from the competent authority, usually 
the state environmental agency, they are “forced” to clear the area and become illegal deforesters.  
In addition to the CAR policy implementation, there is a clear role for state environmental agencies 
to become more efficient in controlling forest activities and provide transparency regarding 
‘information on licensing and permits for removal of vegetation in the Amazon’ (Hummel, 2016 p3). 
For instance, a recent ordinance of the Ministry of the Environment (2018) requires states to share 
and include all authorized vegetation removal in the federal system (SINAFLOR). It aims to fill a huge 
gap among the federal and state governments, regarding the legality of deforested areas (Hummel, 
2016). Certainly, it will help the federal law enforcement to be more efficient and focused on illegally 
cleared areas.  
For instance, during operations on the ground, it is often difficult to identify the offender, even when 
people have been caught, because they are working, often without any identification, for someone 
whom they do not know by their full name, only by a nickname.  
Thus, a simple cross-check of state authorizations and CAR could allow the authorities to separate 
legal from illegally deforested areas, saving time and scarce financial resources for operations in the 
field. This would probably scale up the number of fines in the short-term due to the level of illegality 
that persist, by simply sending the fine by mail or e-mail, as recently implemented by Ibama (2017). 
Consequently, field enforcement operations can focus on illegal deforested areas outside of the CAR 
system. Accordingly, it was predicted that there would be greater compliance in the mid to long term 
with the legislation. By contrast, there would be less illegality, due to the level at which control was 
imposed. Thus, the consequences of breaking the rules is to be part of a public list of non-compliant 
properties, constantly checked by traders, industries and other commodity buyers, in order to avoid 
purchase from properties in disagreement with environmental legislation. 
Protected Areas and Indigenous Lands 
Another outcome predicted by the spatial model is that for every additional 100 km2 of strict PAs 
there would be a reduction in deforested area of 0.23km2 (p=0.038).  By contrast, sustainable use 
PAs show an increase in deforestation of 0.58 km2 (p=0.011) for the same 100 km2. Surprisingly, 
Indigenous Lands showed no significant effect. Taken together, this represents a mix of expected and 
unexpected results. 
Figure 2.7 confirms the expected result that strict PAs are the lowest contributor to forest loss with 
only 0.4% share in 2014 (details Appendix 9.2 – Table S 2.1). It was predicted that a similar result 
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would hold for sustainable use PAs as a barrier to halt deforestation. Instead, the spatial model 
suggests the opposite, with this PA category contributing with more deforestation. Sustainable use 
PAs responded for 9% of 2014 annual deforestation against 6% in 2011, an undesirable and worrying 
growth.   
In reality, the latter category presumes the sustainable use of a portion of the PA, but in some cases, 
traditional communities are clearing areas for non-traditional activities, like cattle and agriculture, 
and not only for subsistence. For instance, as reported elsewhere, cattle became a safe way of saving 
money for family and personal emergencies, whether or not health-related (VanWey et al., 2012).  
Besides, MMA (2018) reports that for the period 2012-2015, approximately 50% of annual forest loss 
is highly concentrated in only 20 sustainable use PAs. So far, the sustainable use PAs that lead the 
rankings of deforestation comprise the formal Brazilian categories of: Forests (National and State) 
and Extractive Reserves (Resex), most of which span the deforestation frontier.  
A further notable result from MMA (2018) is that state preservation areas, especially those for 
sustainable use, are more deforested than federal protected areas. It is important to note here, as in 
the MMA 2018 report, that the category, Environmental Protection Area (APA, Brazilian acronym) 
was not considered in the analysis because it supports public and private lands, responding to the 
same logic of land use of private areas. 
Likewise, during the study period of 2004-2014, around 540,000 km2 of PAs were created in the 
Brazilian Amazon, adding 82%, and reaching a total of 1.2M km2, nearly 24% of the area of the Legal 
Amazon (Table 4.3 and Figure 4.2). According to SCBD (2010a) this represents close to 75% of all 
terrestrial PAs created globally in the early 2000’s.  
Moreover, the more recently established PAs were created closer to deforestation frontiers with 
intense land use conflicts (Figure 4.2) so they could act as natural barriers to contain the 
advancement of forest clearing (Soares-Filho et al., 2010). Thus, these PAs become more susceptible 
to illegal deforestation, as described in Section 2.1, and reported elsewhere (MMA, 2018). 
Table 4.3 – Brazilian Amazon Protected Areas before and after PPCDAm (in km2). (Source: MMA) 
Year of PA creation 
Strict 
Preservation 
Sustainable 
Use 
Total 
Before 2004 251,232 398,277 649,509 
2004-2014 200,141 337,994 538,135 
Total 451,373 736,270 1,187,644 
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Figure 4.2 – Brazilian Amazon Protected Areas and Indigenous Lands, highlighting 122 PAs (dark green) created after 2004, 
the initial year of PPCDAm.(Sources: MMA, FUNAI, IBGE)  
 
Counterintuitively, indigenous land had no significant effect in reducing deforestation during the 
study period (2004-2014). Indigenous land occupies 23% of the Brazilian Amazon. Historically, 
indigenous people have made very minor contributions to the overall levels of deforestation. 
Furthermore, they showed a very clear downward trend from 5.1% in 2009 to 1.9% in 2014, 
respectively (Appendix 9.2 – Table S 2.1). So, the low levels of deforestation in indigenous lands 
would not have been expected to have a pronounced impact on the overall reduction in 
deforestation. Indigenous land has played an important role as a green barrier against the expansion 
of the agricultural frontier (Soares-Filho et al., 2010).  
Nevertheless, Indigenous land suffers from constant intrusions of illegal loggers aiming to take 
valuable timber, as well as illegal mining, predominantly of gold. Other invasions include those by 
ranchers for soy and cattle, in some cases with the consent of indigenous peoples. More recently, 
indigenous groups have ventured to produce soy in partnership with soy producers as a way of 
further improving their quality of life (Cirne and Rodrigues, 2018). In turn, this can become the 
biggest threat to the integrity of the forests in their natural habitats, with important legal 
implications, and consequences for deforestation, climate change and biodiversity loss.  
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Rural Settlements 
The model results also suggest that, for every 1km2 of rural land reform settlement there is an 
indicative increase of 0.5 (0.2-1.0) ha of deforestation. This trend can be confirmed with the 
increasing contribution of settlements to the total annual deforestation, which rose from 19% in 
2004 to 34% in 2011 (Appendix 9.2 – Table S 2.1). Deforestation then stabilised at around 31% in the 
following three years (Perz et al., 2010; Alencar et al., 2016; Assunção and Rocha, 2016; MMA, 2016). 
So far, land reform settlements are consolidated as the second major category to contribute to 
deforestation, surpassing even private lands from 2009-2011, as leader in the deforestation category 
(Figure 2.7). 
It is important to highlight some aspects of the complexity of settlements in the Amazon. First, Brazil 
has a long experience of waves of occupation in the Amazon, outlined in more detail in Chapter 1 
(Section 1.2). More recently, in the early 1960s, landless peasants from other regions were 
encouraged/stimulated to move to the Amazon. Brazil promoted state-sponsored land reform 
settlements programmes (Brazil, 1964; Araujo et al., 2009; Le Tourneau and Bursztyn, 2010).  
Overall, the land reform programme has settled over 1.3M families in 9,389 land reform settlements, 
covering 88M ha (INCRA, 2018), and with more than 85% of settlements concentrated within the 
limits of the Brazilian Legal Amazon. Indeed, the last 15 years was characterized by a marked increase 
in the number of land reform settlements as part of the Brazilian land reform policy. In 2014, 
settlements covered an area of 376,000 km2, a substantial increase of 71% since 2002 (Assunção and 
Rocha, 2016). In the early 2000s, settlements were established in remote areas (Assunção and Rocha, 
2016) with higher forest cover than in the late 1990s (Alencar et al., 2016). In turn, this inevitably led 
to deforestation on the arrival of settlers, at least for their subsistence agriculture, to fulfil 
settlements’ objectives. This was usually based on slash-and-burn technologies and shifting 
cultivation with a range of fallow cycles (Fujisaka et al., 1996; Futemma and Brondízio, 2003). In 
addition, results from Farias et al. (2018) point out that more densely occupied rural settlements 
experience more deforestation. 
Historically, rural settlements receive insufficient technical assistance, are associated with poorly 
capitalized settlers, always dependent on credit opportunities, and low productivity after 3-5 years 
(Brondizio, 2006; Alencar et al., 2016). In turn, this led to early abandonment and the need for new 
areas to produce, usually forested areas within their own Legal Reserve, comprising 80% of the 
property in the Amazon. In addition, smallholders face difficulties to compete in the market with 
large producers of commodities (Assunção and Rocha, 2016). As will be explored in Chapter 6, this 
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has a positive impact on natural regeneration, but with the undesirable cost of possible new 
deforested areas and increased migration to urban areas (Futemma and Brondízio, 2003; D'Antona et 
al., 2011). 
Another reason for settlements to show an increasing trend in deforestation may be related to illicit 
associations with illegal loggers and commodity producers. The former represents a way for settlers 
to make some money by allowing loggers to take valuable timber from their Legal Reserves and 
sometimes in exchange for clearing the land. In turn, the latter represents land re-concentration 
(Alencar et al., 2016), of decapitalized settlers in search of a more stable income, in some cases to 
sign agreements’ for land rent to annual crop producers or livestock. In other cases, they sell or are 
coerced into selling the land unofficially to people who are operating illegally in the region, forcing 
beneficiaries of the land reform to move. 
So far, settlements are a growing contributor to deforestation and need more attention from the 
government (Caladino et al., 2012; Alencar et al., 2016; Moutinho et al., 2016; Farias et al., 2018). In 
2012, the Brazilian agrarian reform and land tenure regularization agency (INCRA) created a 
Programme called “Green Settlements” (INCRA, 2012), following the principles of PPCDAm. They 
were willing to change the course of land use and deforestation in land reform settlements, and 
become environmentally sustainable and economically autonomous (INCRA, 2012). So, its impact will 
have to be assessed in the near future to check its effectiveness in curbing deforestation and 
promoting sustainable development for its beneficiary smallholders. 
In-migrants 
Then, the models showed that a 1% annual increase of in-migrants living within a municipality 
population contributed to reducing deforestation from 13ha to 52ha (p<0.001). Such a response was 
not expected considering the long history of waves of occupation in the Amazon that accompany 
deforestation (Moran, 1981; Perz and Skole, 2003b; Brondizio and Moran, 2008; Brondizio and 
Moran, 2012; VanWey et al., 2012). Migrants move to new regions for mainly two reasons. First, they 
may be a beneficiary of the government land reform programme known as ‘settlements’, or in search 
for the opportunity of a better life and cheap land. Thus, independently of the motivation, on arrival, 
outsiders will at least start with subsistence agriculture. Therefore, in the short term, deforestation 
can be expected to increase. But, in the mid to long term, it could be diminished once farmers are 
already settled and producing in compliance with the current environmental legislation. A closer look 
may identify some insights for such results emerging from this analysis.  
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Mato Grosso supports those municipalities with the highest percentages of in-migrants (Appendix 9.4 
– Figure S 4.1(G)), as the municipalities with the highest GDP per capita in the Amazon (Appendix 9.4 
– Figure S 4.1 (I)), and supports a vast network of roads (Appendix 9.4 – Figure S 4.1 (H)). This 
combination of factors may have positively influenced the rates of deforestation, once annual crops 
had become well established (Appendix 9.6 - Figure S 6.1 (D)), more intensive and with capitalized 
labour (Angelsen and DeFries, 2010; Macedo et al., 2012; Picoli et al., 2018), as dependent on a good 
network of roads to take the commodities to national and international markets. 
Also, Mato Grosso is the largest producer of annual crops in the region, especially of soy, due to the 
predominance of farmers with origins in the south region of Brazil, a region with long tradition of soy 
production. Furthermore, Terraclass reveals that, in a 10-year period from 2004-2014, 16,504 km2 
(36%) of annual crops in 2004 still remain as cropland in 2014, 40% (17,794 km2) comes from pasture 
and 17% (7,665 km2) are newly deforested areas, the latter represents only 5% of all forest losses in 
that period (Table 2.10). 
Add to that, a strong and constant development of science and technology from the Brazilian 
Agricultural Research Corporation (EMBRAPA). For instance, the last 40 years have witnessed a yield 
increase in soy of 64%, reaching 2,870 kg/ha in 2015 (CONAB, 2017). In turn, the same report also 
reveals a substantial increase of 378% of the soy area planted. In the case of Mato Grosso, it is 
evident in its central area of the state, mostly displacing pastures. But nevertheless, still suggesting 
there was indirect deforestation (Figure 2.8).  
Later, however, the same report CONAB (2017)  disclosed a slowdown of yield gains to 20% in the 
last 20 years, compared to 67% gains in the previous 25 years (1976-2000), through hitting a yield 
threshold. So, its yield expansion in Brazil will inevitably come from area expansion, raising a red flag 
for deforestation. Unless that is, scientists and a new wave of technological improvements can 
manage to take experience from research to farmers’ fields, where there already exists more 
productive soy varieties that can raise the yield to another level. Nevertheless, scientists are still 
struggling with the high inputs and production costs. 
Even so, it could still be a positive outcome for combating deforestation, if expansions carry on being 
dominated by pastures displacement, and they occur in areas highly suitable for agriculture. 
Sparovek et al. (2012) drew note that a modest increase of pasture occupation from 1.1 to 1.5 
head/ha and off-take of 30%, would release around 69M ha of pastures for other uses. However, if 
pasture occupation is not well guided, it could go in the opposite direction, expanding over forests, 
due to the higher costs of recovering degraded lands and pastures, compared to open forested areas. 
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Land scarcity and higher land values may change the course of such behavior, in some regions where 
area expansion is no longer an option, invest in yield gains will turn to be the only viable option (Soler 
et al., 2009). 
The soy moratorium has also played a key role in reducing new deforestation for annual crops after 
2008 (Gibbs et al., 2015), at the same time as law enforcement presence created pressure and 
imposed constrains. The Soy moratorium report (Abiove, 2017) shows that only 1.2% of soy 
cultivation in the Amazon (2009-2017) did not respect the agreement. However, in their sampled 
properties in Mato Grosso, Azevedo et al. (2015) found  that 65% out of the 82% compliant with the 
soy moratorium, are not in compliance with the Forest Code legal reserve requirements.  
Roads and highways 
Counterintuitively, the results suggest that a better network of roads and highways could reduce 
deforestation in 21 ha (4.5 to 37ha). However, roads in tropical forests are another controversial 
topic, as reported elsewhere (Angelsen and Kaimowitz, 1999; Laurance et al., 2002; Chomitz and 
Thomas, 2003; Fearnside and de Alencastro Graça, 2006; Kirby et al., 2006; Perz et al., 2007; Pfaff et 
al., 2007; Arima et al., 2008; Weinhold and Reis, 2008; Perz et al., 2012; Perz, 2014; Laurance et al., 
2017). This is a central point of an economic gains trade-off, in which well-maintained roads can 
lower input costs and raise output prices and profits. 
Roads make distant areas accessible, feasible and profitable in the Amazon. Thus, roads stimulate 
deforestation for agricultural activities along its verges (Soares-Filho et al., 2005; Aguiar et al., 2007; 
Pfaff et al., 2007; Soler et al., 2009; Walker et al., 2013; Laurance et al., 2017; Pfaff et al., 2018). 
Furthermore, roads will undoubtedly reduce transport costs for farmers’ products (Hargrave and Kis-
Katos, 2013). However, this will only occur if roads are well maintained, a hard task considering the 
high levels of rainfall in the Amazon and the limitations placed on government capacity to maintain 
those roads/highways.  
Gross Domestic Product (GDP) 
As expected, an increase of one unit in GDP per capita comes with an increase of 4.8 ha (0.4 to 9.3 
ha) on deforestation. As seen in Figure S 4.1 (I) (Appendix 9.4), the most capitalized municipalities are 
concentrated in Mato Grosso state, where annual crops are dominant and persistent, especially in 
the central area with most valued lands, and investments go to higher value commodities, intensive 
labour and well served by roads, a typical agglomeration pathway of intensification. As a 
consequence, this area in Mato Grosso experiences less intensive land use change of croplands. Only 
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10% (1,585 km2) was turned into pasture, and less than 1% (150 km2) into natural regeneration 
(Table 2.10). 
 
Additional controlled variables 
Finally, the model has generated some controlled variables with no significant responses. It was 
predicted that subsidized loans for agriculture and livestock would have an impact on deforestation. 
Counterintuitively, however, the results of the model reveal no significant effects. As for annual 
rainfall and temperature with no significant effect on curb deforestation.  
“Environmental crime in the Amazon region is not for amateurs”, Ibama’s director of Environmental 
Protection once stated (personal communication). Criminal organizations are highly sophisticated 
and well equipped to monitor the government actions, as illustrated by the following anecdotes. 
After a long period of investigation in 2015, Ibama and the Federal Police, discovered and dismantled 
a well-equipped Remote Sensing Lab in Sao Paulo, working and providing strategic information for 
illegal deforesters operating in the Amazon region, based on the open access government 
information system. This was a clear attempt to anticipate the next moves of the government law 
enforcement teams and temporarily suspend activities in areas that are most susceptible to ground 
operations of the environment police.  In another high profile example, the criminal considered the 
greatest deforester of the Amazon, Ezequiel Castanha (JN, 2015), was arrested while operating in 
Novo Progresso region in the south-west of Pará state. After his arrest, deforestation dropped by 
65% in the region in which he was operating.  
Moreover, crime organizations focus heavily on land grabbing in order to establish their operations, 
sometimes removing anyone who opposes this approach. Global Witness wrote a report on crimes 
associated with land rights across the globe, and Brazil was the worst offender in 2017, with 57 out 
of 207 killings globally (Witness, 2018). A chronic problem in the Amazon can be exemplified by the 
deaths of two emblematic personalities along the recent disputes for land in the region. First, in 
1988, Chico Mendes, a rubber tapper, was murdered in his house in Acre state by farmers (Globo, 
1988). More recently, in 2005, already in the context of PPCDAm, Dorothy Stang, an American sister, 
fighting for the poor (smallholders) and the environment, was killed in an ambush in Anapu in the 
state of Pará (BBC, 2013). 
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4.4.2 Study limitations 
This chapter did not intend to explore all aspects of deforestation dynamics in the Amazon in depth. 
Instead this chapter had the objective of high-lighting the explanatory factors and drivers that might 
have been considered important for law enforcement and deforestation. 
First, my review of land tenure rights has only scratched the tip of the iceberg. Land tenure continues 
to be a huge challenge for the Amazon region (Azevedo-Ramos and Moutinho, 2018).  Inevitably, 
some of the expansions of pasture are based on land speculation, land grabbing and false land title 
documents. All this sought to maintain control over a large land area and take advantage of 
speculative opportunities (Garrett et al., 2017). In other words, through a profit-seeking (Bowman et 
al., 2012) and appropriation of future land values when infrastructure development comes to the 
region (Frey et al., 2018).  
Second, the consolidation of the Amazon Soy Moratorium has shed light on the possible leakage of 
deforestation in the Cerrado, another important issue that deserves more detailed study. The soy 
agreement made it possible to allow very limited forest displacement in the Amazon. Only 1.2% of 
soy was planted in disagreement and became listed (Agrosatelite, 2016). The list encourages traders 
and buyers not to buy from these producers. Besides, it may have generated leakage to Cerrado, 
where surveillance and illegality are lower. Moreover, the legal reserve requirements in Cerrado is 
lower, 35% if Cerrado is within the Legal Amazon and, only 20% for the remaining Cerrado outside 
the Legal Amazon, putting Cerrado at risk, as it is an attractive place to expand, as has been 
documented in recent years (Strassburg et al., 2017). The result is that native Cerrado vegetation has 
been lost at a faster pace than Amazon, and almost half of the native vegetation has already gone 
(Figure 4.3 and Appendix 9.4 - Table S 4.4). 
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Figure 4.3 - Amazon and Cerrado annual deforestation rates (km2,) and annual percentage of native vegetation loss. 
(Source: INPE)  
 
Further investigations are necessary to better understand the possible connections of these two 
events and indicate what could be the best approach and sequence for policy-makers to tackle them 
in combination. 
 Conclusions 
Deforestation has reduced sharply in the Amazon over the past 1.5 decades.  This has been due to 
the strong support of the environmental police. Some battles have been won. However, the war is 
far from over. The risks of a resumption in deforestation are still present and could be summarized as 
follows: ‘as long as crime pays I will deforest` (Becker, 1968; Meyfroidt, 2013; Schmitt, 2015). This 
simple phrase reflects the economic theory of crime, when the agent foresees an economic 
advantage that is greater than the risks of being detected, caught and penalised. 
This nexus exposes some limitations for the administrative environmental law enforcement 
penalties. First, not all detections within the monitoring system receive a fine. Second, when fined, it 
takes over 3 years for the case to be put on trial for the first time. Moreover, only one out of four 
fines reach this point. Third, only one in five of illegal deforestation areas are embargoed. Fourth, the 
fines are not paid, only 0.2%, in the Amazon context (Schmitt, 2015).  
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The low likelihood of punishment, after all the work done in the field, spreads the idea among 
offenders that they can act with impunity. At the end of the day, this will reflect on their illegal 
actions and they will continue to think that illegality still pays off. For this reason, the environmental 
police still remain a very powerful ally and are essential in any strategy to combat deforestation and 
protect areas of natural regeneration. However, the command and control strategy must continue to 
evolve in order to face the new challenges of deforestation and land use in the Amazon. It is critical 
that other policies advance hand-in-hand with the environmental law enforcement to avoid 
unnecessary land conversions (Ludewigs et al., 2009). 
Thus it is imperative that the environmental police strategy undergoes modernization. Law 
enforcement has to reflect both on ground operations and judicial concerns, as demonstrated in 
Schmitt (2015) model. This involves the whole formal procedure and stages of the administrative 
process for an environmental violation: detection, notice (fine), trial, conviction, payment, fine value, 
embargo value, value of seizure, and the offense time trial. Only a good balance of action at all stages 
will change the course of impunity and increase the power of dissuasion and deterrence. In other 
words, field work must be complemented with intelligence networks, data mining, and offenders 
paying the fines. Furthermore, fieldwork should arrest and bid the offenders’ assets including cars, 
trucks, bulldozers, boats, soy and cattle. The judiciary must act faster, while convicted offenders 
must be detected earlier, and remain longer in jail. It is clear, when a criminal leader is taken to jail, 
deforestation drops significantly in that region.  
Moreover, a new paradigm concerns smaller deforested areas (Schielein and Börner, 2018), to 
challenge the capacity and creativity of the environmental police. In this sense, the full 
implementation of CAR will be sufficiently decisive to halt deforestation and for degraded lands to 
fully recover. It is a necessary change in the environmental police strategy to curb deforestation. 
More than ever, the strategy associated with CAR is expected to encourage farmers to be in 
compliance with the environmental legislation and the Forest Code. Therefore, in the mid to long 
term, fines are expected to reduce substantially on private lands. Consequently, Brazil can move 
towards its NDC goal of “Zero Illegal Deforestation by 2030” (Brazil, 2015).  
This goal, however, is not achievable only through stopping illegal deforestation within private 
properties. Araujo et al. (2009 p.2467), in their conclusion, make the observation ‘that insecure 
property rights in land drives deforestation in the Brazilian Amazon’. Similarly, (Azevedo-Ramos and 
Moutinho, 2018) argue ‘that a faster and more cost-effective way of reducing deforestation in the 
Brazilian Amazon would be the immediate allocation of ca. 70 million hectares of still undesignated 
public forestlands’. Therefore, almost hand-in-hand with CAR comes the Amazon land 
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tenure/designation and the chronic challenge of property rights. Of relevance here is that CAR is only 
about environmental compliance of the property and has nothing to do with land and property 
rights, a task for the Institute for Colonization and Land reform (INCRA), and states land institutes.  
Having said that, solving the complex issue of deforestation, illegalities and crimes associated with 
land rights (Araujo et al., 2009) and unsupervised public lands (Azevedo-Ramos and Moutinho, 2018) 
could be drastically reduced.  
This chapter has explored the impact of environmental law enforcement police on Amazon 
deforestation. The next two chapters will investigate the possible influence of environmental police 
on the land use attributed to deforested areas, focusing on agriculture, cattle ranching and 
secondary vegetation, the most representative in land use dynamics. 
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5 Law enforcement and land use: dynamics of land cover change 
  Abstract 
In the last 50 years, agriculture has expanded at the cost of converting natural areas, particularly in 
developing tropical countries. These currently cover 49% of the planet’s ice-free terrestrial surface. 
This expansion is driven by rising demands for food, due to global population and income growth, 
especially in developing countries, as meat consumption increases. This places agricultural activities, 
named annual crops and livestock systems, as a central driver of tropical forests loss, and a severe 
risk to biodiversity, including: PAs; several environmental services; increases in GHG emissions; and 
changes in hydrological cycles. Since 2004, Brazil has implemented conservation policies that have 
drastically reduced Amazon forest loss and emissions, indeed even changing the distribution of 
emissions of some Brazilian sectors. In 2005, 70% of Brazilian emissions originated from land use 
change and forests sectors, but this has significantly reduced to 27% by 2010. In contrast, the 
agricultural sector increased from 14 to 32% in the same period, and energy showed a similar trend 
from 11 to 29%. The influence of law enforcement on the reversal of Amazon deforestation is well 
documented. However, less attention was given to possible “side effects” of the intense command 
and control on reshaping land use dynamics after deforestation. In this chapter, I propose to evaluate 
the extent and direction of the possible influence of law enforcement on land use change for the 
significant land-cover types in the Brazilian Amazon, after the priority municipalities policy was 
enacted in 2008. These AFOLU include annual agriculture, livestock, and secondary vegetation 
(natural regeneration). I used a difference-in-differences with entropy balance approach at the 
municipality, private properties and settlement levels, to evaluate the priority municipality (PM) 
policy implemented in 2008 that led to an intensification of law enforcement on target 
municipalities. The results show an increased persistence of agriculture and clean pastures, as a 
substantial increase in natural regeneration (abandonment), a reduction of dirty pastures, and 
suggests an influence of law enforcement on this land use dynamic. Annual crops, mostly soy, turned 
out to be an agglomerated economy in the central area of Mato Grosso, while extensive pastures are 
more widespread with low levels of occupation and also as part of land speculation. Both activities 
have shown signs of intensification and sparing lands, at least for natural regeneration. So, 
conservation policies based on law enforcement contribute to reshaping AFOLU systems in the 
Brazilian Amazon, certainly, not alone but in combination with other policies and initiatives. It is clear 
from this study that law enforcement has become a stronger component on farmers’ land use 
investments and decision-making processes. Thus, while illegality prevails, environmental and land 
tenure law enforcement will be mandatory to ensure the effectiveness of a sustainable 
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intensification, reduce forest loss, and fulfills the role of sparing lands for conservation, agriculture 
and ultimately achieve balanced land use systems. 
 
 Introduction 
 
In the last 50 years, agriculture has expanded at the cost of converting natural areas, particularly in 
developing tropical countries, which currently cover over 49% of the planet’s ice-free terrestrial 
surface (IPCC, 2019). This expansion is driven by rising demands for food, due to global population 
and income growth, especially in developing countries, as meat consumption increases (Dobermann 
et al., 2013).  
This places agricultural activities, namely annual crops and livestock systems, as a central driver of 
tropical forests loss, and a severe risk to biodiversity, PAs, many environmental services, leading to 
increases in GHG emissions and changes in local and regional hydrological cycles (Garrett et al., 
2018).  
As a result, there is a clear need to shift from intensive to low energy production systems, to reduce 
the environmental footprint, through transformative changes in food production and consumption: 
increasing productivity; protecting land resources; increasing water use efficiency; pollution 
mitigation and increasing ecological functions in more diverse landscapes. 
Since 2004, Brazil has implemented conservation policies that have drastically reduced loss of 
Amazon forests (Assunção et al., 2015; Tollefson, 2015), the opposite of the upward trend forecasts 
of tropical deforestation and land use models from the 2000s’ (Dalla-Nora et al., 2014). As a result, 
Brazil has reduced its emissions by more than 50% (2005-2010) (Brazil, 2016) and reversed 
deforestation in the Brazilian Amazon, a 72% reduction by 201831. This significant reduction, 
substantially changed the distribution of emissions among different Brazilian sectors. In 2005, 70% of 
Brazilian emissions originated from land use change and forests sectors, and this significantly 
reduced to 27% by 2010. In contrast, the agricultural sector increased from 14 to 32% in the same 
period, and energy showed a similar trend from 11 to 29%. (Brazil, 2016). 
It is well documented in the in literature, and is further elaborated in Chapter 4, that law 
enforcement has played a key role in reversing Amazon deforestation since 2004. This success has 
                                                          
31 Preliminary results of PRODES 2018 available at 
http://www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes accessed on 28Mar2019. 
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been seen as one of the main pillars of a conservation policy, named PPCDAm (Nepstad et al., 2009; 
Assunção et al., 2013; Hargrave and Kis-Katos, 2013; Arima et al., 2014; Assunção and Rocha, 2014; 
Dalla-Nora et al., 2014; Nepstad et al., 2014; Assunção et al., 2015; Borner et al., 2015a). However, 
less attention has been given to possible “side effects” of the intense command and control on 
reshaping land use dynamics after deforestation.  
Meanwhile, land use science has expanded significantly in recent years and taken on more 
complexity in order to understand the environmental, economic and social aspects that shape land 
use in a specific region. This understanding should consider local, regional and international aspects, 
as discussed by Turner et al. (2007). However, the interactions explored at length in the literature 
rarely consider law enforcement field operations as a factor shaping land use change.  
This study aims to evaluate the possible influence of law enforcement on land use change for the 
significant land-cover types of the Brazilian Amazon, based on data from the most recent official land 
use mapping in 2014 (Table 2.9): agriculture, livestock(pasture), and secondary vegetation (natural 
regeneration). First, the evaluation focussed at the municipality level. The evaluation then moves to 
a more detailed analysis of settlements, and private properties, splitting small and large properties, 
within the municipalities. Together, these two land use designations represented nearly 65% of land 
use in 2004 and 2014 (Appendix 9.2 – Table S 2.1).  
The analysis considered two groups of municipalities: first, the champions of deforestation, named 
priority municipalities (PM), and second, the municipalities that have never achieved the criteria to 
be listed, despite the increased rigour of this public policy during its implementation32. 
In the context of intensified presence of law enforcement on PM, I would predict an increase in the 
abandonment of areas deforested for future use or speculation on land market, given that a 
deforested/cleared area triples the value of the land. Once surveillance is present constantly, the risk 
of being caught and punished for illegal deforestation increases. Also, it was expected that there 
would be a substantial slowdown, or even a complete halt, on the pace of forest conversion to 
alternative uses for expansion, namely livestock and agriculture. So, the scarcity of land available for 
expansion may lead to a change in the business-as-usual land use dynamics and farmer’s decision on 
the best possible use of their land.  
Amazon pasturelands currently have room for further intensification (Azevedo et al., 2015; Sparovek 
et al., 2018), as the occupation is very low, only near 1.2 heads/ha. This is despite a slow but steady 
                                                          
32 For details of the priority list criteria see section 3.2 in Chapter 3. 
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increase of in-migration during the last 30 years (Nepstad et al., 2009; Sparovek et al., 2018; IPCC, 
2019). Therefore, opening space for improvements with investments in technology, implementation 
of simple measures, such as pasture rotation, as well as better varieties of cows that can be 
slaughtered in 2 to 2.5 years against the current 4-5 years. This could spare 50-70M ha of land for 
annual agriculture to expand (Azevedo et al., 2015). Since soy is the dominant crop in the Amazon 
region, and it is already at the highest levels and its expansion has to be in areas that are not yet 
yielding optimally (Meyfroidt et al., 2018). This could lead to spare land and save more forests than 
the 18-27 million estimated during the Green Revolution (Dobermann et al., 2013). Thus, once this 
latter possibility has been chosen, an expansion of the agriculture area may become evident, in this 
case over pasture rather than forests, and a reduction of pasture area with an increased occupation. 
A different scenario may occur in regions where pasture expansion occurs for land speculation, 
usually associated with illegal deforestation and land grabbing. 
Landowners, however, are mostly profit-motivated, and the land use decision may take a different 
path, where they can choose to increase the herd without sparing land for agriculture or wild nature, 
a rebound effect (Lambin and Meyfroidt, 2011). This option may lead to expansion over secondary 
vegetation/natural regeneration since it is not monitored by the government. The agricultural sector, 
in turn, with no room to expand onto pasture areas, may also turn their attention to expansion over 
secondary vegetation/natural regeneration, leading to a possible reduction of natural regeneration. 
Thus, the restrictions imposed by public policies for conservation, and increased controls over PM, 
may possibly lead to a change in land use dynamics in the Amazon region.  
To date, the Amazon region is a myriad of the middle-range theories of land system change through 
expansion and intensification (see Meyfroidt et al. (2018)). It is not difficult to identify them in 
different portions of the Amazon. For instance, the central area of MT is a commodity frontier of soy, 
capital intensive and market oriented. By contrast, Acre and Rondônia are dominated by 
smallholders willing to live at subsistence levels. In some cases, however, the smallholders make a 
profit from their lands, as mixed producers, based on labour inputs and food oriented outcomes for 
local and regional markets. Meanwhile, Pará state is a mix of subsistence and commercial activities. 
Certainly, these changes will not be homogeneous, and will vary by region, scale and land 
designation: private properties including settlements; small and large properties; public areas of 
restricted use including Indigenous Lands, PAs including strict protection and sustainable use; and 
undesignated public lands.  
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This should lead to further investigations of possible influences on differentiated law enforcement on 
settlements. These may include small and large properties, considering that most of the law 
enforcement focused on large deforested areas, is more often associated with large properties. Over 
the study period, MMA (2018) documented a significant reduction of large deforested areas (> 
200ha) and an increasing dominance of small deforested areas (<20ha).  
Under this scenario, more pronounced changes in land uses would be predicted for large rather than 
small properties. There would be more abandonment, possibly more intensification of pasture use 
and expansion of agriculture over pasture areas. But, the simple presence of law enforcement, might 
also indirectly affect these smallholders. Therefore, the possible changes towards intensification or 
expansion may be different for settlements, smallholders and large properties, as the first two are 
more oriented to produce food for the population and the internal market. Meanwhile, the latter is 
commodities export-oriented. So, in addition to the municipality level analysis, I will evaluate 
possible land use change under the presence of intensified surveillance for these three groups 
separately. 
The chapter continues with a short description of the study area, data organization and selection for 
this specific study, the methods applied to assess the possible influence of law enforcement on 
AFOLU change at the different scales: municipality, private properties (small and medium-large) and 
settlements. Then, I will present and discuss the results, closing the chapter with final remarks and 
conclusions. 
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 Methods  
 
5.3.1 Study area 
The study area for this chapter was restricted to 494 municipalities of the Brazilian Legal Amazon 
(Figure 5.1), that were covered with over 10% forest in 2004, according to Terraclass mapping, 
similar to Cisneros et al. (2015) and Koch et al. (2019) who selected 492 municipalities based on 
Prodes 2002 forests cover (> 10%).  
Due to lack of outcome data, the property level analysis will assess 492 and 490 municipalities for 
small and medium-large, respectively. Meanwhile, 420 municipalities with settlements will be 
assessed. In all cases, the losses were only in the control group, while the 52 treatment municipalities 
remain intact.   
 
Figure 5.1 – Brazilian Amazon 494 municipalities (green) included in this specific study, highlighting the 52 priority 
municipalities (stripes). (Source: MMA) 
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5.3.2  Data  
 
For the analysis of this chapter I combined multiple data sources of the Amazon region (see Chapter 
3) to make a panel dataset, from 2004-2014: 
 fines from the Brazilian Environmental agency (Ibama);  
 annual deforestation rates, land cover and land use change; climatic data including rainfall 
and temperature (Inpe);  
 agriculture and livestock loans (Brazilian Central Bank);  
 CAR – rural environmental property registry (Brazilian Forest Service);  
 priority municipalities and protected areas (MMA);  
 indigenous lands (FUNAI);  
 settlements (INCRA);  
 heads of cattle, soybean, technical assistance, GDP, companies, population, Gini index, land 
value, roads and municipality area (IBGE). 
Also, the study is restricted to the three main land cover types: agriculture (6%), pasture (62% - 4 
classes aggregated into the two groups of clean and dirty pasture), and secondary vegetation/natural 
regeneration (23%), covering 85-94% of the mapped area along the 2004-2014 period (Table 2.9).  
For the property level assessment, I accessed CAR and followed a simplification of the Brazilian 
Forest Act (Brazil, 2012a) property size classification: small properties (≤ 4 fiscal modules) and the 
aggregation of medium and large properties (> 4 fiscal modules) in the single category of large 
properties. This resented a reasonable split as the Brazilian government agricultural policies are 
generally differentiated only for small farmers.  
Use of CAR was restricted to private properties (over 90% of all registries), and have not included 
settlements and Quilombola territory33 to reduce possible overlaps. Moreover, the settlements’ 
spatial information came directly from the INCRA database.  
Likewise, the CAR registry still has overlapping properties34. To overcome this problem I opted to 
dissolve the property borders within each category of property size, whether small or large, and in 
                                                          
33 Descendants of slaves areas 
34 The CAR overlapping check phase is still in progress, therefore it is most safe and conservative to use only the 
dissolved polygon of each small and the aggregated large category within each municipality. 
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each municipality to avoid double counting. Only after this pre-processing CAR was overlaid with land 
use maps.  
Last but not least, CAR only became an information source for property level analysis after 2012, 
which might not yet be considered appropriate here, since it was consolidated only after the 
treatment threshold (2008). However, the land tenure structure of private properties has not 
changed significantly during this century (Appendix 9.5 – Table S 5.3), based on the analysis of IBGE 
agricultural census. Therefore, this will not result in any significant loss to the results of the property 
analyzes. 
 
5.3.3 Empirical strategy – Difference-in-differences with entropy balancing.   
 
I combined Difference-in-differences with entropy balancing (Hainmueller, 2012), to assess the 
possible influence of law enforcement on land use change after the PM policy, comparing priority 
municipalities (PM) as treatments, with non-priority municipalities (NPM) as controls (see Chapter 3).  
This study expanded on Koch et al. (2019) and other studies (D'Antona et al., 2006; Lorena and 
Lambin, 2009) by evaluating changes in AFOLU at the property level and settlements. This enabled an 
assessment of what type of land tenure might be most influential on land use changes identified at 
the municipal level. Nevertheless, I also checked whether or not the municipal level analysis has 
captured changes in AFOLU that may have occurred at finer scale, like private properties and 
settlements, within the municipal borders.  
Also, pastureland was broken down into clean and dirty pasture in order to assess possible changes 
in AFOLU for these two categories. Thus, I followed a simplification of the TerraClass land use 
mapping categories (Appendix 9.2 – Table S 2.2), where: clean pasture refers to herbaceous pastures, 
and dirty pasture is the sum of the other three categories of pasture, including: pasture with exposed 
soil; shrubby pasture; and pasture with vegetation regrowth.   
 
I started by defining the outcome variables, namely area under annual agriculture or croplands, area 
under pasturelands, and natural regeneration area, the main land uses after deforestation. Next, in 
order to establish a well-balanced control group based on pre-policy characteristics, I identified an 
initial group of variables in the literature for their possible relation or influence on land use change, 
in the context of law enforcement intensification on the PM (Appendix 9.5 – Table S 5.1). Thus, Table 
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5.1 presents a summary of the outcomes and selected pre-policy variables, checked for any severe 
signs of multicollinearity (VIF). 
Table 5.1 – Statistics summary of the outcome variables, selected variables for the entropy balance pre-processing (mean, 
SD) and the Variance Inflation Factor (VIF) test result for severe multicollinearity. 
Variables Control 
(N=442) 
Treatment 
(N=52) 
VIF** 
Outcomes  Mean SD Mean SD  
Natural regeneration 0.87 1.35 0.47 0.46  
Annual crops 0.13 0.53 0.43 0.79  
Pasture  -0.09 1.45 0.55 0.95  
Deforestation -0.09 0.24 -0.29 0.32  
Pre-policy variables      
Municipality area (thousand km2) 7.80 14.77 17.92 24.77 1.23 
Population density (2007) 29.04 158.64 3.00 3.09 2.04 
Deforestation rate 2002 per municipality area  0.01 0.02 0.02 0.01 1.07 
Deforestation rate 2003 per municipality area  0.01 0.02 0.02 0.02 1.46 
Deforestation rate 2004 per municipality area  0.01 0.01 0.02 0.01 1.29 
2003 Fines(N) per deforested area (km2) 1.12 6.23 0.18 0.26 1.52 
2004 Fines(N) per deforested area (km2) 1.15 4.71 0.16 0.20 1.60 
2005 Fines(N) per deforested area (km2) 2.41 11.22 0.31 0.47 2.39 
Agricultural loans 2004 (cattle and agriculture) (Million R$)* 12.60 40.51 33.05 40.01 1.66 
Soy price per hectare in 2005 (Tousand R$) 0.44 0.88 1.11 1.12 1.08 
Total GDP 2004 (Million R$)* 0.49 2.96 0.52 1.06 1.24 
Forest share 2004 (TerraClass) 0.46 0.29 0.63 0.19 1.42 
Non-forest area share 2004 0.12 0.20 0.08 0.11 1.35 
Strict Preservation Protected Areas share (2004) 0.03 0.10 0.02 0.04 1.44 
Sustainable use Protected areas share (2004) 0.04 0.12 0.02 0.05 1.44 
Indigenous Lands share (2004) 0.07 0.15 0.16 0.20 1.67 
Settlements share (2004) 0.08 0.13 0.05 0.10 1.43 
Rainfall (mm) 1,876.46 383.77 1,899.09 350.59 1.36 
Temperature (max) for the hottest quarter (oC) 26.59 1.02 26.12 0.73 1.58 
Number of roads junctions 38.53 49.32 115.60 92.34 1.20 
* Values deflated to Jun/2016 in Brazilian Reais (R$) using the General Prices Index (IGP-M, brazilian acronym) 
** Significant values > 5.00 (analysis performed in Stata 15) 
 
The next step was the entropy balance, the pre-processing technique. The balancing was restricted 
to a limited number of covariates that were shown to predict treatment: the share of PAs; share of 
indigenous lands; share of settlements; share of forest; agricultural loans; soy price; accessibility; law 
enforcement intensity; and climatic variables. Once the balancing is achieved, the selected control 
and treatment were evaluated for the difference-in-differences. 
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 Results and Discussion 
The results confirm most of the predictions of the influence of law enforcement on land use change, 
particularly in the context of decoupling conservation initiatives from agricultural expansion 
suggested by previous analyses (Nepstad et al., 2009; Macedo et al., 2012). Intensification of law 
enforcement significantly influenced the decrease in forest loss in PM for all outcomes, confirming 
the findings of Chapter 4. This also suggests that the procedure applied in this chapter is acceptable 
to investigate the possible influence of law enforcement on land use changes. Likewise, Table 5.2 
presents significant results for the three main land uses.  
As a result, the following paragraphs will present and discuss the main findings of this observational 
study for the three main alternative land uses. Complemented by a land use transition matrix 
analysis for all levels (municipality, CAR and settlement) of the outcomes, for the pre (2004-2008) 
and post (2008-2014) policy periods, separated in the two groups: PM and NPM. The land use 
transition matrix will help shed light on the source of land cover for the expansion/reduction of the 
land uses of interest, represented by their percentage, in order to compose the area of agriculture, 
pasture and natural regeneration in 2008 (pre-policy) and 2014 (post-policy) (Table 5.3-5.5). 
Overall, deforestation has not been completely halted, so the area of the main land uses after 
clearing has increased in absolute terms during the study period 2004-2014 (Table 5.3-5.5). This is 
reflected in the main results of the outcomes, whether significantly or not, except for dirty pastures. 
And, of course, for deforestation that instead presented reductions (Table 5.2).  
Table 5.2 – Difference-in-differences with entropy balance estimates. 
DID outcomes Municipality CAR  
medium &large 
(ml) 
CAR  
small  
(s) 
Settlements 
Deforestation -157.10*** -111.14*** -33.57*** -16.96* 
 (24.78) (18.69) (6.59) (7.11) 
Clean pastureland 426.07** 205.00* 47.49 126.45** 
 (141.51) (91.29) (30.17) (42.09) 
Dirty pastureland -30.92 -37.67 74.49 11.59 
 (51.57) (25.87) (39.58) (22.38) 
Annual cropland 168.03** 146.43** 21.02 -8.05 
 (67.91) (56.65) (12.34) (7.62) 
Natural regeneration 189.84*** 131.72*** 34.41* 1.76 
  (52.15) (25.71) (14.93) (18.58) 
Standard error in parenthesis.    * p<0.05, ** p<0.01, *** p<0.001 
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Before presenting and discussing the results, I will highlight the sharp reductions of forest conversion 
to alternative land uses revealed by the land use transition matrix (Table 5.3-5.5), indistinctly for PM 
or not. This suggests that the intensification of enforcement actions played an important role in 
reducing deforestation, as already discussed elsewhere (Chapter 4). Besides, the results for PM policy 
shows a lower percentage of forest conversion for the post-policy period for all levels (municipalities, 
CAR small, CAR medium & large, settlements).  
Another expected result is the higher percentage of forest conversion for PM before and after the 
policy implementation and law enforcement strengthening, revealing that PM are very active 
deforestation frontiers, and also some limitations of the ground inspections (discussed in detail in 
Chapter 4). 
Agriculture  
Having said that, the results for annual crops was as expected, and highlighted the significant 
increase of 168 km2 of annual cropland in PM compared to NPM during the post-policy period. 
Besides, decomposing by land tenure: settlements and private properties (small and large), it can be 
seen that large private properties show a significant increase of 146 km2 for PM after treatment. 
Furthermore, large properties respond for 75% of annual cropland in the Amazon region with a more 
pronounced increase of 58% for PM compared to 21% for non-priority between 2004 and 2014 
(Table 5.3). Meanwhile, small properties and settlements did not in general present significant 
results (Table 5.2). 
Nevertheless, Figure 5.2 presents two further aspects important for annual agriculture in the 
Amazon. The first relates to the high concentration of agriculture in the state of Mato Grosso, 92% 
and 86%, in 2004 and 2014, respectively. In addition, in 2014, the state was responsible for 28% of 
the national soy production (IBGE, 2014). The second important aspect is that this activity more than 
doubled its area in the same period, increasing from 18 to over 45 thousand km2 (Table 2.9). 
Furthermore, this activity is not only concentrated in this state, but is also an agglomerated economy 
in the central area (Figure 2.8). 
In addition, the land use transition matrix (Table 5.3) shed light on interesting aspects related to the 
pre and post-policy periods, and the intensification of law enforcement since 2005 (Figure 3.2). 
First, there was an increase in the persistence of the annual agricultural area after policy 
implementation, an increase from 11-53% in 2008 to 45-71% in 2014 considering all levels, in both 
groups (control and treatment). However it was invariably higher for NPM.  
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Figure 5.2 – Annual croplands (km2) for the period 2004-2014 presented by the nine Legal Amazon states.(Source: Terraclass 
(INPE-EMBRAPA)) 
 
Second, forest conversion to agriculture reduced drastically, and clean pastures continued to be the 
main source of area for expansion of annual crops, independent of the status of the municipality 
whether PM or NPM, in line with the findings of Gollnow et al. (2018).  
Third, overall, as a result of land scarcity due to a more intense surveillance and law enforcement and 
less forest conversion, the post-policy period showed an increase in agricultural expansion over dirty 
pasture. Moreover, as expected, PM also increased its percentage of agricultural expansion over 
natural regeneration. Meanwhile, non-priority showed a small reduction. These results are 
encouraging and in line with suggestions of other authors (Barretto et al., 2013; Azevedo et al., 2015; 
Sparovek et al., 2015; Moutinho et al., 2016) that reducing forest conversion and expanding over 
areas already cleared is one of the best practices to reduce emissions, spare land for conservation 
and ultimately achieve the NGOs pledge of ‘zero deforestation’, all in balance with the desired 
continued development.  
The same trend was observed for all three land tenures within the municipalities, but at different 
magnitudes. For instance, the results of the land use transition matrix suggested a strong influence of 
law enforcement on private properties independent of their size. First, the private properties 
whether small or large, in PM, experience greater reductions of forest conversion compared to non-
priority for the post-policy period. In contrast, the cropping area expanded in small (38%) and large 
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(58%) properties in PM for the post-policy period, by increasing the conversion of dirty pastures and 
natural regeneration, while clean pastures become more persistent, especially for large properties of 
PM (Table 5.4) and with less conversion to agriculture in the post-policy period. 
Table 5.3 – Annual agriculture transition matrix for the pre and post policy periods*. Abbreviations: priority municipality (P), 
non-priority municipality (NP), agriculture (a), clean pasture (c), forest (f), dirty pasture (p), and secondary 
vegetation/natural regeneration (s). (Sources: MMA, INCRA, IBGE e Terraclass (INPE-EMBRAPA)) 
 Agriculture  
 2004 → 2008   2008 → 2014 
2004 
  
aa ca fa pa sa Total 
2008 
(km2)  
aa ca fa pa sa Total 
2014 
(km2) 
Municipality NP 0.52 0.25 0.04 0.03 0.05 23,933 
 
0.67 0.20 0.01 0.05 0.04 28,676 
P 0.41 0.27 0.09 0.04 0.03 9,920 
 
0.56 0.26 0.01 0.10 0.05 15,303 
CAR small NP 0.53 0.27 0.04 0.03 0.04 4,824 
 
0.71 0.16 0.01 0.04 0.04 5,644 
P 0.44 0.23 0.08 0.06 0.03 1,376 
 
0.62 0.19 0.02 0.09 0.06 1,904 
CAR large NP 0.53 0.24 0.04 0.03 0.05 16,911 
 
0.66 0.22 0.01 0.05 0.04 20,521 
P 0.41 0.28 0.09 0.04 0.03 8,130 
 
0.55 0.27 0.01 0.10 0.05 12,881 
Settlements NP 0.27 0.44 0.06 0.06 0.08 1,107 
 
0.45 0.30 0.03 0.08 0.05 1,825 
P 0.11 0.32 0.20 0.14 0.02 316   0.45 0.28 0.06 0.10 0.08 307 
* The percentages will not sum to 100% since not all land tenure classes are included in the analysis, but only the most 
important. 
 
These results also showed that agriculture is a persistent land use over the study period, as less than 
1% was converted to pastures or abandoned for natural regeneration, according to the land use 
transition matrix for these two land covers (Tables 5.4 and 5.5, respectively). A reasonable first 
explanation for agriculture persistence is the 6.4 times higher profit for soy over cattle production 
(Sparovek et al., 2018).  
Furthermore, theories of land use expansion and intensification presented by Meyfroidt et al. (2018) 
can help understand the pattern developed by annual crops in the Amazon region. Expansion can 
occur over natural areas, as reported here, to be more intense in the pre-policy period, and 
drastically reduced after PM policy implementation, or could occupy pasturelands, as Table 5.3 
reveals, as the main source for annual crops expansion, independently of the pre or post policy 
period for both groups (PM & NPM).  
In addition, Gibbs et al. (2015) reported the importance of the soy moratorium in restricting the 
expansion of soy to deforested areas before 2008. This was corroborated by Abiove (2017) who 
reported that only 1% (47,365 ha) of soy was planted in areas deforested after 2008, and not in 
compliance with the soy moratorium.  
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Furthermore, Sparovek et al. (2018) showed that soy expansion in Brazil over the last 30 years 
occurred simultaneously with consistent increases in productivity. This led to the intensification part 
presented by Meyfroidt et al. (2018), which displays two major paths: increasing inputs per land unit 
through technology and/or multiple harvests, and increasing outputs per land unit (yields). In 
addition, as proposed by Garrett et al. (2018), the literature suggests three potential pathways for 
agricultural intensification: land scarcity, agglomeration economies and livestock industrialization.  
So far, soy in the Brazilian Amazon has developed as a combination of the pathways described in the 
preceding paragraphs. First, the path of intensification as an agglomerated economy in the central 
area of Mato Grosso state (Abiove, 2017; Gollnow et al., 2018), mostly guided by agricultural 
incentives associated with areas of reasonable agricultural suitability (Morton et al., 2006), 
development of good infrastructure to storage (Frey et al., 2018) and transport (Pfaff et al., 2018) to 
guarantee competitive prices for exports to meet the growing international demand (Fearnside and 
Figueiredo, 2015). In contrast, the second path, land scarcity, was shaped by environmental rules, 
law enforcement and the soy moratorium have imposed restrictions and disadvantages (Macedo et 
al., 2012; Garrett et al., 2013a; Garrett et al., 2013b; Gibbs et al., 2015; Lisa and Holly, 2016; Kastens 
et al., 2017; Silva et al., 2017).  
Simultaneously, while soy yields have slowed down and practically reached a threshold with the 
available varieties (CONAB, 2017; Sparovek et al., 2018), double-cropping systems have grown 
substantially and are currently predominant in Mato Grosso (Dias et al., 2016; Picoli et al., 2018). 
Moreover, a “third” cycle of planted pasture is becoming popular among farmers to further maximize 
revenues. So, consolidation is underway (Picoli et al., 2018), and such multiple harvesting systems 
suggested that croplands are moving in the right direction towards a sustainable intensification of 
the land system (Thomson et al., 2019). 
 Pastures 
Moving to pasturelands, the difference-in-differences results revealed a significant increase of clean 
pastures of 426 km2 for PM compared to NPM, as large private properties and settlements, with 205 
km2 and 126 km2, respectively. Despite the same increasing trend, small private properties were not 
significant for clean pastures. In contrast, dirty pastures showed no significant results, and an 
opposite trend of area reduction for the municipality and large private properties. Meanwhile, 
settlements and small private properties show an increasing trend with no significant results. (Table 
5.2).  
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The results suggested that the constant presence of law enforcement, and the increased number of 
fines contribute to changes in the land use dynamic of pastures, especially in the post-policy period, 
increasing areas of clean pastures, and reducing dirty pastures, in line with Schielein and Börner 
(2018) findings that better law enforcement is a plausible explanation for an increased share of clean 
pastures. 
In order to complement and augment the difference-in-differences findings, I resorted to the land 
use transition matrix for pastures to evaluate the main land uses that contributed to the area for 
pastures in the pre and post treatment periods (Table 5.4). The results are illuminating and 
confirmed some predictions, indicated some changes, and supported drawing important 
considerations and concerns about this activity in the Amazon. 
First, the pasturelands transition matrix (Table 5.4) showed an increase of clean pastures area after 
policy implementations of 13.2% and 9.4% for PM and NPM, respectively. Moreover, CAR small, CAR 
large and settlements followed the same increasing trend. By contrast, dirty pastures lost an 
impressive 24% of the area in PM, and 4.9% for NPM. At the finer scale, private properties and 
settlements in PM revealed the same trend of reducing dirty pastures. In turn, NPM small private 
properties and settlements showed a slight increase, while large private properties reduced in area 
by 16%.  
Second, as expected, direct conversion of forests to pastures decreased substantially after the policy 
implementation in 2008, most markedly for dirty pastures in the PM. However, the percentages of 
forest conversion to pastures were still high compared to agriculture. In contrast, as predicted, there 
was an increase of natural regeneration converted to clean pastures from 3% in the pre policy to 7% 
in the post policy period. Plausible results were due to land scarcity forced by law enforcement and 
the fact that natural regeneration was not the focus and also is not monitored by the government 
surveillance systems.  
Third, clean pastures showed higher persistence of above 53% for both groups, at different spatial 
levels, from municipality, private property to settlements, before and after the policy 
implementation, compared to dirty pastures with persistence below 27% for all levels and the two 
groups. Also it is interesting to highlight that the highest increase in persistence of clean pasture of 
8% occurred in large properties of PM. As expected, the results suggests possible intensification of 
pasture use build on the achievements of Koch et al. (2019) who reported significant gains in 
livestock productivity after policy implementation for PM.  
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Moreover, dirty pasture was the main source for clean pastures with small differences for some 
levels when the pre- and post- periods were compared. At the other end, and in line with agricultural 
increased persistence in the post-policy period, there was almost no displacement of annual crops to 
pasture for the entire study period.   
Table 5.4 – Clean (c) and dirty (p) pasture transition matrix for the pre and post policy periods*. Abbreviations: priority 
municipality (P), non-priority municipality (NP), agriculture (a), clean pasture (c), forest (f), dirty pasture (p), and secondary 
vegetation/natural regeneration (s). (Sources: MMA, INCRA, IBGE e Terraclass (INPE-EMBRAPA)) 
 Clean Pasture  
 2004 → 2008    2008 → 2014 
2004 
  
ac cc fc pc sc 
Total 
2008 
(km2) 
 
ac cc fc pc sc 
Total 
2014 
(km2) 
Municipality NP 0.00 0.68 0.05 0.14 0.03 216,000 
 
0.01 0.68 0.03 0.13 0.07 236,392 
P 0.00 0.61 0.10 0.15 0.03 84,146 
 
0.01 0.65 0.05 0.16 0.06 95,291 
CAR small NP 0.00 0.66 0.06 0.15 0.04 71,921 
 
0.01 0.70 0.03 0.12 0.07 79,563 
P 0.00 0.62 0.10 0.15 0.04 20,569 
 
0.01 0.63 0.07 0.16 0.06 24,936 
CAR large NP 0.00 0.73 0.05 0.12 0.03 94,936 
 
0.02 0.73 0.02 0.13 0.05 99,414 
P 0.00 0.62 0.09 0.15 0.03 52,011 
 
0.01 0.70 0.03 0.15 0.05 54,356 
Settlements NP 0.00 0.58 0.07 0.18 0.04 42,368 
 
0.00 0.62 0.05 0.14 0.07 49,687 
P 0.00 0.53 0.14 0.18 0.04 12,015   0.01 0.55 0.10 0.17 0.06 16,689 
 
 Dirty Pasture  
 2004 → 2008   2008 → 2014 
2004 
  
ap cp fp pp sp 
Total 
2008 
(km2) 
 
ap cp fp pp sp 
Total 
2014 
(km2) 
Municipality NP 0.00 0.38 0.11 0.25 0.09 70,257  0.01 0.38 0.06 0.22 0.18 66,828 
P 0.00 0.29 0.24 0.23 0.09 30,450  0.01 0.41 0.09 0.25 0.14 23,098 
CAR small NP 0.00 0.38 0.11 0.27 0.10 20,088  0.00 0.42 0.07 0.21 0.17 20,543 
P 0.00 0.31 0.23 0.23 0.09 7,081  0.00 0.38 0.12 0.22 0.14 5,599 
CAR large NP 0.00 0.45 0.11 0.23 0.08 25,782  0.01 0.46 0.04 0.24 0.15 21,685 
P 0.00 0.30 0.24 0.23 0.09 16,749  0.01 0.45 0.06 0.26 0.14 12,427 
Settlements NP 0.00 0.32 0.13 0.27 0.09 15,391  0.00 0.36 0.09 0.20 0.18 16,665 
P 0.00 0.26 0.26 0.26 0.08 4,999  0.00 0.36 0.14 0.22 0.13 4,461 
* The percentages will not sum to 100% since not all land tenure classes are included in the analysis, but only the most 
important. 
 
It is not by chance that pastures dominate the deforested Amazonian landscape. The results 
presented so far support interesting aspects related to this activity and its connections with law 
enforcement and the economic model of crime that I will explore in the following paragraphs.  
First, the results suggested that law enforcement contributed to livestock intensification, and second, 
intensification can help reduce land speculation and land grabbing that undermine cattle 
productivity, following the pathways of land scarcity and livestock industrialization.  
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It is important to keep in mind that in some circumstances cattle ranching represents “an 
unproductive profit seeking” to keep control over large portions of land, while waiting for higher land 
prices when development arrives (Bowman et al., 2012; Garrett et al., 2017). This chain of events 
finds ground in the economic model of crime (Becker, 1968), which was briefly presented in Chapter 
4. Becker stated that as long as crime benefits are higher than the product of crime costs and 
punishment probability, activities like land grabbing and illegal deforestation will continue. 
Deterrence is also an important component in the equation of pastures dynamics. 
Having said that, the scarcity of land available for expansion imposed by the presence of law 
enforcement activity has paved the pathway for intensification of the livestock system. However, the 
recent events involving this policy and law enforcement suggests that they have catalyzed this 
process in combination with other initiatives, like the beef agreement with the most important 
slaughterhouses in Pará state. Also, pilot projects implemented by NGOs have shown considerable 
yields gains by taking some simple measures in the farms. These measures include pasture 
management and animal feed, that can increase animal production and reduce the time spent in 
pasture (Santos and Costa, 2018).   
For instance, Garrett et al. (2017) reported that ranchers are reconsidering their practices to invest 
more in intensification, as confirmed in this study. The reduction in forest conversion, and an 
increase in dirty pastures and natural regeneration were the sources for forming clean pastures after 
the PM policy. Certainly, the economic attractiveness of crime has been reduced building on Becker’s 
ideas of the increased costs of crime and increased fear of being caught. For instance, JBS, a global 
player in the beef market, was fined for buying from embargoed areas in 2017, despite all the 
information available for checking their supply-chain. This is evidence that offenders still find ways to 
evade the regulations and continue their illegal operations. Equally this might be related to 
imperfections of the conservation policies and regulations that create opportunities for producers to 
elude. 
Land speculation is another important aspect of the livestock industry in the Amazon that 
undermines its productivity and certainly contributes to the slow pace of intensification within this 
industry. The recurrent land rights problems, land tenure issues and land grabbing in the region have 
brought instability to landowners who are risk-averse. Sometimes they are aware of the illegality of 
the land they are buying and using, but others have not been so aware (Bowman et al., 2012). 
Indeed, land tenure is by far the most important issue to tackle in the Brazilian Amazon, in order to 
reduce insecurity of land rights and increase the confidence of the private sector to invest.  
100 
 
So, ranchers keep their lands producing, but with extensive cattle ranching, at a low cost, less capital 
intensive activity and a low risk way of controlling the area (Araujo et al., 2009; Garrett et al., 2017), 
even when technology and in-put availability has improved (Bowman et al., 2012). The distance to 
markets was a classical Von-Thünen situation, where more investment in intensification would not 
pay off. So, as discussed earlier “this represents an unproductive profit seeking arrangement” waiting 
for development to arrive and to generate profits by selling the land, and not necessarily by 
producing a commodity (Caviglia-Harris, 2018; Frey et al., 2018). 
Meanwhile, especially for small farmers, cattle ranching represents an important and solid activity 
with low investments and easy to manage with more intensive practices of their herd (Pacheco, 
2012). Also, in distant areas of the Amazon region without access to a banking system, cattle are 
recognized as the Bio-ATM machine for emergencies like income shortfalls and health issues, that 
farmers can always sell quickly (VanWey et al., 2012). Thus, cattle provide the necessary financial 
security and are easier to manage compared to crops independent of spatial pattern and property 
size, despite the lower profits. In other words, cattle ranching has a long tradition in the Amazon 
frontiers and is spread all over the region, compared to crops that are part of an agglomerated 
economy in Mato Grosso. 
In the literature, most of the strategies to converge and balance agriculture, conservation and 
restoration, points to an essential action: intensification of agricultural activities (Balmford et al., 
2005; Rudel et al., 2009b; Phalan et al., 2013; zu Ermgassen et al., 2014; IPCC, 2019). In the Brazilian 
Amazon, it can be translated into increased productivity in pasture lands, which are currently at very 
low levels and slowly increasing. Meanwhile, literature also shows that the issue of intensification 
still has its effectiveness questioned (Meyfroidt et al., 2018). We cannot be so naive as to propose 
livestock intensification as the silver bullet for reducing deforestation, or be so simplistic as Lord 
Nicholas Stern who posits that the Borlaug hypothesis is simply double pasture occupation from one 
to two heads/ha to save the Amazon forests. As Defries and Rosenzweig (2010) suggest, this is 
necessary but not sufficient. Merry and Soares-Filho (2017) went further by suggesting that 
intensification of the cattle-beef system in Brazil may not deliver sustainability goals. Indeed, social, 
economic and environmental factors are interconnected and part of this complex equation or, if you 
prefer, this huge puzzle.  
First, the beef sustainability model must be implemented hand-in-hand with consistent territorial 
governance to avoid illegal land grabbing. As reported above and according to Bowman et al. (2012) 
simulations suggests it is most profitable for extensive livestock, with large speculation, normally in 
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border regions, following the Von Thünen model, and where it is only marginally profitable to raise 
cattle.  
Second, environmental and land tenure surveillance must be present to ensure the effectiveness of 
intensification and that it fulfills its role of sparing lands for agriculture, other uses, and conservation, 
rather than being used to expand pastures on an illegal basis. In summary, cattle are not profitable 
everywhere in the Amazon, as highlighted by Bowman et al. (2012). Cattle require consolidated 
frontiers, closeness to markets, and well-established infrastructure. When these are in place, cattle 
may make the profit-levels that would convince landowners to implement intensification via new 
technologies, but with some extra costs for their production system.  
Third, in the literature, intensification is also viewed with caution by researchers who point out the 
risk of a rebound effect (Sparovek et al., 2015; Meyfroidt et al., 2018; Sparovek et al., 2018). Higher 
productivity and efficiency gains may result in more profits and consequently more expansion, in 
contrast to the desired effect of sparing land to balance with other activities and conservation, 
jeopardizing the strategy of governments, NGOs and other stakeholders. Additionally, le Polain de 
Waroux et al. (2017) points out that policies aiming to increase intensification, also decrease 
deforestation, and avoid rebound effect, they must consider and depend on a balance of penalties 
and rewards for intensification.  
Natural regeneration 
The difference-in-differences results for natural regeneration confirmed the predictions, and 
revealed a significant increase of 190 km2 for PM after the policy, as large and small private 
properties, 132km2 and 34km2, respectively. In turn, settlements do not show significant changes. 
These results suggests that law enforcement is playing an important role in the recovery process of 
natural areas in active deforestation frontiers in the Brazilian Amazon.  
Moreover, Figure 5.3 supports interesting aspects of natural regeneration dynamics over the study 
period. First, Pará state, the champion of deforestation, is also, by far, the state with the largest area 
of natural regeneration. Second, the area of natural regeneration rapidly increased during the study 
period for the five most important states in terms of deforestation, namely Pará (PA), Mato Grosso 
(MT), Rondônia (RO), Maranhão (MA) and Amazonas (AM). Third, after a sharp increase, Mato 
Grosso and Pará had stabilized their areas of natural regeneration by 2010 and 2012, respectively. 
These results were indicative of a change in land use dynamics after increased law enforcement. 
Where deforestation dropped, agriculture and persistence of clean pasture increased. Furthermore, 
the conversion of natural regeneration to these two alternative land uses also increased to avoid 
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government surveillance and to help fulfill the needs of area expansion and market demands, 
concomitant with the intensification process described earlier in this section.   
 
Figure 5.3 – Natural regeneration (km2) for the period 2004-2014 presented by the nine Legal Amazon states. (Source: 
Terraclass (INPE-EMBRAPA)) 
 
The land use change transition matrix for natural regeneration (Table 5.5) sheds light on important 
aspects. First, NPM support nearly four times the area of natural regeneration compared to PM. This 
is in line with results from the literature that show natural regeneration, as part of the fallow period, 
more often occurs in consolidated frontiers in the eastern and southern boundaries of the Amazon 
(Figure 2.8), where it can be observed in Rondônia, eastern Pará and western Maranhão, as well as 
spreading into central-north of Mato Grosso. 
Second, forest conversion to natural regeneration was as expected, being more intense in PM, 
private properties and settlements before and after the policy change. At the same time, it has 
clearly declined in the post-policy period, providing consistent information on reducing forest loss 
and the possible influence of law enforcement, presented in Chapter 4.  
Third, dirty pasture is the most important source of natural regeneration, but with opposite trends 
when PM and NPM were compared in the post-policy period. In PM the abandonment of productive 
areas increased for private properties and settlements, while abandonment reduced in NPM, private 
properties and settlements. This change might result from the presence of law enforcement, with 
fines and embargoes, reducing the possibility of using the land illegally, and forcing offenders to 
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abandon the area, even only temporarily, until law enforcement is relaxed. However, it could also 
have been the fallow period (Moran et al., 1996; Evans et al., 2001; D'Antona et al., 2006; Pacheco, 
2012), a very common practice in the Amazon to recover the soils for the next cycle, and to be 
explored in more detail in Chapter 6. Meanwhile, clean pasture was the second source of natural 
regeneration with increased participation in the post-policy period, but differently from dirty 
pastures, with no distinction between PM and NPM.  
Finally, the post-policy period produced an increase on the persistence of natural regeneration, a 
very important topic for the Brazilian NDC, a commitment to restore 12M ha by 2030 that will also be 
explored further in Chapter 6.    
Table 5.5 – Natural regeneration transition matrix for the pre and post policy periods*. Abbreviations: priority municipality 
(P), non-priority municipality (NP), agriculture (a), clean pasture (c), forest (f), dirty pasture (p), and secondary 
vegetation/natural regeneration (s). (Sources: MMA, INCRA, IBGE e Terraclass (INPE-EMBRAPA)) 
 Natural Regeneration  
 2004 → 2008   2008 → 2014 
2004 
  
as cs fs ps ss Total 
2008 
(km2)  
as cs fs ps ss Total 
2014 
(km2) 
Municipality NP 0.00 0.10 0.09 0.18 0.48 109,656  0.01 0.11 0.05 0.13 0.56 120,176 
P 0.00 0.10 0.16 0.16 0.46 28,461  0.00 0.14 0.07 0.19 0.51 33,160 
CAR small NP 0.00 0.12 0.09 0.20 0.47 26,095  0.00 0.15 0.04 0.15 0.55 26,931 
P 0.00 0.12 0.18 0.16 0.43 5,846  0.00 0.16 0.11 0.19 0.46 6,612 
CAR large NP 0.00 0.14 0.08 0.18 0.48 34,092  0.02 0.14 0.03 0.15 0.58 35,864 
P 0.00 0.11 0.15 0.16 0.47 16,349  0.00 0.15 0.04 0.19 0.55 18,406 
Settlements NP 0.00 0.10 0.10 0.20 0.42 21,148  0.00 0.11 0.09 0.14 0.51 24,064 
P 0.00 0.09 0.23 0.16 0.40 3,526   0.00 0.14 0.13 0.20 0.42 3,992 
* The percentages will not sum to 100% since not all land tenure classes are included in the analysis, but only the most 
important. 
 
Settlements 
Land use changes in settlements are of considerable concern as they have shown a steady increase 
on deforestation in recent years. This has occurred despite all the law enforcement undertaken to 
reduce and avoid it, which I started to discuss in Chapter 4. Here, I will continue to explore some 
other important aspects related to land use change.  
Settlements, in the Brazilian sense (see Section 4.4.1), have been the subject of many studies that 
seek to investigate the dynamics of occupation and land use in the Brazilian Amazon. They have been 
implemented for a long time. Since the early 1960s, they have been part of the government strategy 
to occupy the Amazon region and reduce land disputes over increasingly expensive lands in other 
regions of the country, especially the southeast. Thus, the landless families in the south-southeast 
and northeast regions (the latter, due to droughts and extremely arid regions) were taken to 
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colonization projects in the Amazon, mostly sponsored by the federal government, but also by 
private projects. These settlements vary greatly in their form from: fishbone to dendritic; and in their 
different biophysical conditions of soil, slope, rain, rivers, size of initial lots, origin of the first 
colonizers, different levels of accessibility, financing and technical support of government agencies, 
distinct land management practices from agroforestry, slash-and-burn agriculture, pasture, 
mechanization (D'Antona et al., 2006). Thus, the socio-economic and environmental trajectories are 
quite different, resulting in different patterns of forest fragmentation and land use change. 
 
Moreover, settlements impose internal dynamics on land use change. As the land became more 
valuable in certain settlements, usually closer to the markets, some settlers saw the opportunity to 
sell at higher prices and move to more distant settlements, away from markets and into pristine 
forest where lots are cheaper. It was a way to make a profit from selling land instead of agricultural 
revenues. In turn this has led to a re-concentration of land in settlements into large properties and to 
a certain extent depriving the land of the original purposes of these settlements.  
Furthermore, urban migration also contributed to re-concentration, when less capitalized families, 
were unable to invest in the machinery required for annual crops (Frey et al., 2018), and instead end 
up selling their lots to more capitalized farmers, before moving to urban areas. Likewise, urban 
migration includes issues for the younger generations of families who have sought better 
opportunities in the cities. This is also a way of providing financial support to maintain the rural 
property through remittances, as reported by Soler et al. (2009). This process was seen more often in 
older settlements, as a result of family aging, and migration of Youngers, decreasing the availability 
of labour.  
Finally, re-concentration is a determining factor in the process of deforestation (Verburg and Soler, 
2010). However, internal settlement dynamics of aggregation and re-concentration are difficult to 
derive only from studies like this, based on remote sensing, since many of these contracts of 
aggregation and re-concentration are not officially registered. As a Brazilian expression notes: 
“drawer contracts” (contratos de gaveta), in which only the buyer and seller know about the 
transaction. 
 
5.4.1 Study limitations 
My initial assumption was that CAR properties would remain under the same ownership throughout 
the study period from 2004-2014, as outlined in Section 5.3.2 and Appendix 9.5 – Table S 5.3. 
105 
 
However, it has been almost impossible to track all changes in properties during that period. 
Nevertheless, this problem might be overcome in the near future if CAR is fully implemented and 
farmers keep their registry updated in compliance with environmental legislation, and if they take 
part in the clean supply chain for the most important commodities. However, the CAR registration 
process can generate uncertainties, as it is self-declaratory, subject to property overlaps that can 
only be resolved during the validation phase rather than completed in the timeframe of executing 
this study. But most important of all, CAR does not solve land tenure issues.  
Another important limitation is related to land renting that cannot be captured by remote sensing 
analysis. These “drawer contracts” are not limited to settlements, and are a common practice 
throughout the region. Somehow, they appear a “win-win solution”, where the small landowners 
unable to capitalize and mechanize their production, simply rent their lands and can profit without 
having to work. At the same time, capitalized farmers make their profits by implementing 
mechanized agriculture on rented lands. In turn, this might result in miss-interpretations of the 
responsibility for deforestation and land use changes, mistakenly blaming certain producer groups 
such as small producers. Such situations demand field work through interviews for more accurate 
mapping and triangulation. It is a fact that the agricultural census can map some of these 
phenomena, but when it is illegal, it will hardly be captured through official means. 
Third, the land use and land cover change series is not long enough, and the results will be limited. 
Fallow periods can last for as long as 20 years, before farmers return to the same land to start new 
agricultural activities. A more comprehensive analysis would benefit from a longer land use change 
time series that could reveal different trends over the long term. 
Certainly, all the complexity involved with land use change in the Brazilian Amazon has not been 
captured in this 10-year study. Thus, I tried to cover the most representative factors identified in the 
literature. However, other factors may have come into play, if not be directly affected by 
deforestation and land use, at least indirectly. For instance, experience in the field suggests possible 
relations with drug trafficking financing deforestation and vice-versa, valuable timber and land 
grabbing raising money for international drugs trafficking. The same could apply for valuable 
minerals like gold, diamonds and the illegal market, raising and laundering money through land and 
cattle acquisition. A limited livestock control creates a favorable environment for illegalities in this 
supply chain. Some initiatives that have a better control of the supply chain are trying to reverse the 
situation. 
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This study did not aim to model and predict deforestation and land use change for the coming 
decades. As the models have not yet properly predicted the sharp declines in deforestation and land 
use changes (Dalla-Nora et al., 2014), the next generation of models must pay attention to adding 
scenarios where good governance and policies can have a positive effect and reduce forest loss. As 
suggested by Meyfroidt et al. (2014 p.9): “Simulation models greatly contribute to this goal, but 
empirical approaches are also needed to improve the design, calibration, validation and 
interpretation of simulations.” 
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 Conclusions 
Conservation policies based on law enforcement have reshaped land use systems in the Brazilian 
Amazon, as predicted at the start of this study. Certainly, this has not been achieved alone but in 
combination with other policies and initiatives. The results have shown that the PM policy was 
launched at the correct time, and made it possible to reverse the resumption of deforestation and 
continue on the path of reducing forest losses. In addition, it stimulated, and to some extent, forced 
changes in the behavior of landowners to make better use of deforested lands, due to land scarcity, 
with clear signs of improvement in soy and meat production systems. Indeed, these changes have  a 
long way towards achieving a balanced landscape. 
This study has shown that intensification of law enforcement became a stronger component in the 
equation of farmers’ agent based land use decisions, where many activities still remain illegal. This 
current scenario will only be reversed with more environmental compliance, and a substantial 
reduction in the level of illegal agricultural activities and land speculation. Otherwise, law 
enforcement will continue to place high weights on the agent investment decision-making process. 
Furthermore, the relaxation of law enforcement could reverse the downward trends in forest loss. 
Indeed some authors argue that current reductions are circumstantial (Schmitt, 2015).  
A consistent and permanent change will require a cultural change, in combination with strong 
governance and a policy mix to respond to specific environmental, socio and economic demands on 
the area of interest. Thus, while illegality still prevails, environmental and land tenure law 
enforcement will be mandatory in order to: i) ensure the effectiveness of a sustainable 
intensification; ii) reduce forest loss; and, iii) fulfill the role of spare lands for conservation, 
agriculture and ultimately a balanced land use system (Schielein and Börner, 2018). 
Moreover, as part of PPCDAm, law enforcement has operated strongly in different parts of the 
supply chain for soy, beef and timber. Interventions in the field include: embargoes; fines, as at soy 
storages and beef slaughterhouses; stopping traders from transporting or commercializing illegal 
commodities; investigations on bank loans financing illegal activities; and unauthorized area 
clearances. In summary, these different operations have focussed on the supply side of the land use 
framework, from avoiding illegal clearing lands, or land grabbing to selling and exporting. On the 
demand side, interventions by NGOs have helped to create a momentum in important forums, like 
Consumer Goods Forum. Such fora can put pressure on retailers in the European Union to impose 
restrictions on commodities without a clean and sustainable deforestation supply chain or at least a 
more responsible supply chain.  
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Traceability of the full supply chain or custody chain is a necessary tool for timber and must be part 
of the solution, providing transparency and confidence to all players and stakeholders involved in 
producing and consuming forest-friendly products, like TRASE initiative35. In future, special attention 
should be paid to the Chinese market, which is a fast growing importer of Brazilian commodities 
(Fearnside et al., 2013; Fearnside and Figueiredo, 2015)  
This chapter has explored the impact of environmental law enforcement on land use reshape. The 
next chapter will focus the investigation on a specific aspect of land use: the persistence of natural 
regeneration along the study period.   
  
                                                          
35 https://trase.earth/ 
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6 Law enforcement and persistence of natural regeneration 
 Abstract 
Brazil has recently adopted policies based on command and control that have greatly reduced forest 
loss in the Amazon region by 82% (2004-2014). However, much less attention has been paid to forest 
natural regeneration, even though it has been recognized as a global environmental priority for this 
century. During the same period, natural regeneration has increased by 72%, reaching 173,387 km2, 
in 2014. Furthermore, 41,426 km2 of natural regeneration persisted for ten years, all during the 
study period. It is not clear what is driving the persistence and substantial increase. Therefore, this 
study seeks to investigate if this persistence could be an additive effect of the environmental police 
actions against deforestation. The results suggest a positive effect of command and control on the 
persistence of natural regeneration. This observation has important implications for Brazilian climate 
change policies and restoration commitments under the Paris Agreement. Furthermore, it could 
represent a substantial contribution for the global restoration targets established at CBD, Bonn 
Challenge and New York Declaration on Forests. 
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 Introduction 
The control of tropical forest loss presents one of the greatest environmental challenges of all time 
(Fearnside, 1983; Hecht, 1985; Hecht, 1989; Hecht, 1993a; Moran, 1993; Nepstad, 1997; Angelsen 
and Kaimowitz, 1999; Barbier et al., 2001; Soares-Filho et al., 2004; Fearnside, 2005; Soares-Filho et 
al., 2005; Kirby et al., 2006; Soares-Filho et al., 2006; Brondizio and Moran, 2008; Nepstad et al., 
2009; Taitson, 2011; IPCC, 2014a; De Souza and De Marco, 2015). In Brazil, policies adopted have 
greatly reduced forest loss in the Amazon region, and led the country to becoming a global leader in 
climate change mitigation (Tollefson, 2012; Hansen et al., 2013; Nepstad et al., 2014; Tollefson, 
2015). At the same time, in 2010, Brazil became the third major exporter of agricultural commodities 
(Laue and Arima, 2014). A stimulating contrast of conservation and production.  
However, much less attention has been paid to the role of natural regeneration in deforestation 
(Bowen et al., 2007; Rodrigues et al., 2011), which has been recognized as a global environmental 
priority for this century, to reverse human-made transformations of tropical forests (Hobbs and 
Harris, 2001). Moreover, a meta-analysis of land use change reports that natural regeneration is 
expanding in tropical areas in Asia, Africa, and Latin America (Rudel et al., 2009a).  
Restoration has generally been seen as a more expensive and less effective strategy to protect 
biodiversity, natural resources and sinking carbon stocks, compared with forest protection. However, 
in some places, especially in highly fragmented landscapes, restoration is the most plausible solution. 
Within restoration methods, natural regeneration is a low-cost option (Chazdon et al., 2017).  
Ambitious goals have already been outlined in Aichi Target 15 to restore 15% of degraded 
ecosystems by 2020 (SCBD, 2010b), in the 2011 Bonn Challenge -150M ha by 2020 (IUCN, 2011), and 
in the 2014 New York Declaration on Forests - 350M ha by 2030 (UN, 2014). In the national context, 
the Brazilian NDC has an ambitious commitment to restore 12M ha of tropical forest. So far, the 
scenario is changing for the good, at least among the commitments.  
In Brazil, Rodrigues et al. (2011) urged that restoration should be scaled up from hectares to square 
kilometres, thereby taking a broader perspectives of the landscape. This is particularly important for 
the recovery of degraded land, and not just for wider aims than for reforestation or carbon sink 
purposes. It is also important for biodiversity, using the Atlantic Forest Restoration Pact Initiative as a 
laboratory.     
In 2005, Asner et al. (2009) found that 1.2% of global humid forests were secondary regrowth 
(235,000 km2). In 2014, Inpe (2016b) found similar results for the Amazon, in which 1.2% (41,426 
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km2) of the Amazon’s tropical forests comprised ten years’ persistent natural regeneration, 
equivalent to 24% of the total area mapped as natural regeneration. Natural regeneration also 
showed a sharp increase of 72% in ten years, reaching 173,387 km2, in 2014. However, it is not clear 
what is driving the abandonment of lands (Laue and Arima, 2014), and consequently the persistence 
of natural regeneration. Therefore, this study seeks to investigate if it could be a co-benefit of the 
environmental police actions against deforestation. 
In the climate change mitigation equation, forest restoration is critical to carbon sinks and for 
biodiversity conservation (Shoo et al., 2013). SCBD (2003) estimated in 60-87 GtC the potential 
mitigation delivered by afforestation, reforestation, avoided deforestation and degradation, until 
2050. However, until very recently, ‘forest restoration has generally been ‘below the radar’ in the 
tropics’ (Hecht and Saatchi, 2007 p.670), and requires further study. Hecht (2010) reported many 
cases of forest restoration under very different circumstances, trying to persuade and revert the 
catastrophic emphasis on deforestation in the tropics. 
Market globalization and the technological advances in agriculture also probably contribute to forest 
restoration. The large-scale (high concentration of lands) and highly mechanized activities in rural 
areas have put the small farmers at a disadvantage to compete in the globalized economy. The result 
has been the abandonment of their land and migration to urban areas, a phenomenon identified in 
many different regions around the planet, but especially in the tropics (Lambin et al., 2001; 
Hosonuma et al., 2012; Smith et al., 2014). Moreover, there are from 1 to 6 billion ha of degraded 
and abandoned lands worldwide. This is not only because of small farmers, but is a broader 
phenomenon. In many places, newly cleared lands are cheaper than recovering lands using the soil 
fertility and chemical inputs. This is an important cause of abandoned land globally, and also in Brazil 
(Gibbs and Salmon, 2015). 
Large scale abandonment of pasture has been a very common practice in the Amazon rainforest 
since the 1970s` (Nepstad and Uhl, 1991; Nepstad et al., 1996; Bowen et al., 2007; Cramer et al., 
2007; Bowen et al., 2009; Rudel et al., 2009b; Morrison and Lindell, 2011). Some fallow cycles have 
been for a short period, while others are left for long successional periods to allow secondary 
vegetation to return. Persistence of natural regeneration, as in the case of deforestation, is sensitive 
to environmental, economic, social, policy and political factors (Moran, 1981; Moran et al., 1994; 
Zarin et al., 2001; Perz and Skole, 2003b; Pfaff and Walker, 2010; Laue and Arima, 2014).  Equally, it is 
a long-term process that may take from decades to centuries to recover, depending on the 
management goals for that land (Paula et al., 2017). 
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For restoration to take place, it is necessary to consider ecosystem resilience, land use history and 
landscape context, in order to identify the appropriate level of intervention (Bowen et al., 2007; Holl 
and Aide, 2011).  This spectrum runs from simple passive restoration, known as natural regeneration, 
and letting the forest return naturally after removal of the original disturbance, to active restoration, 
with different levels of human interventions to achieve the desired goal (Morrison and Lindell, 2011). 
Active (assisted) restoration is subject to a hot debate on the efficiency and efficacy of the 
interventions, considering the additional costs involved (Morrison and Lindell, 2011; Zahawi et al., 
2014; Bechara et al., 2016; Paula et al., 2017). 
Based on this literature review, this study aims to investigate the possible effects of law enforcement 
on ten years persistence of 41,426 km2 of natural regeneration areas in the Amazon region (2004-
2014). These data were revealed by land use change mapping through Terraclass (Inpe, 2016b). 
Fortuitously, this period coincides with the first 10 years of implementation of PPCDAm. The study 
adds to the spatial resolution and time series of Laue and Arima (2014), by using the original 
shapefile from Terraclass rather than a 1km2 grid. Furthermore, it also incorporates three more years 
(2004-2012-2014) to their 2008-2010 dataset.  
The remaining sections of the chapter are structured as follows. First, the study area and data 
sources are introduced. Second, I present the research design to be adopted in this specific study. 
Third, I will outline the analysis, results and discussion. Finally, I will close with the final remarks and 
conclusions on the topic.  
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  Methods 
 
6.3.1 Study area 
In this chapter, the study area consists of the 657 municipalities covered by the Amazon land use and 
land cover change mapping project (Almeida et al., 2016).  
 
Figure 6.1 – 657 municipalities covered by land use change mapping (Terraclass), highlighting in green the persistent natural 
regeneration areas. (Sources: IBGE e Terraclass (INPE-EMBRAPA)) 
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6.3.2 Data 
All datasets for the analysis in this chapter derive from the period 2004-2014 and comprise the freely 
accessible sources of the Brazilian Government (Appendix 9.1), already presented in Chapter 4 and 
repeated here, only for the benefit of the reader.  
The critical datasets necessary to investigate the influence of environmental law enforcement on 
natural regeneration were as follows:  
 the fines and embargoes from the Brazilian Environmental agency (Ibama);  
 annual deforestation rates (Table 2.2) land cover and land use change, fires hotspots; 
climatic data including rainfall and temperature (Inpe);  
 agriculture and livestock loans (Brazilian Central Bank);  
 CAR – rural environmental property registry (Brazilian Forest Service);  
 priority municipalities and protected areas (MMA);  
 indigenous lands (FUNAI);  
 settlements (INCRA);  
 heads of cattle, soybean, logging, technical assistance, GDP, companies, population, Gini 
index, land value, roads and municipality area (IBGE). 
 
6.3.3 Research design and methodology 
In this chapter, I applied the same methodology as in Chapter 4 and outlined in Chapter 3 in more 
detail. Thus, I proceeded with the following steps: data collection and preparation, selection of 
variables, analysis and hypothese test, to investigate the possible influence of law enforcement on 
the persistence of natural regeneration. 
As in Chapter 4, a group of variables was selected36 for their possible relationship or influence (+/-) 
on the persistence of natural regeneration, and checked for no severe multicollinearity (VIF) (Table 
6.1). The dependent variable is the persistence of  natural regeneration, the independent variable of 
most interest is fines37 and the other explanatory variables to control for other factors were the area 
of persistent agriculture, area of persistent clean pasture, the CAR share area in the municipality, 
priority municipalities (dummy variable), the non-forest share area, the accessibility measured by all 
                                                          
36 The initial group of variables are available in Appendix 9.6 – Table S 6.1 
37 Detailed explanation of fines x embargoes was provided in Chapter 4 - Section 4.3.3. 
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roads/highways (paved or not), population density, the percentage of in-migrants in the municipality, 
rainfall and average temperature (Table 6.1 and Appendix 9.6 – Figure S 6.1). 
Table 6.1 – Statistics summary of the selected variables for the models (mean and SD.), the possible impact trend on natural 
regeneration (+ and/or -), and the Variance Inflation Factor (VIF) test result for severe multicollinearity. 
Variable name  Abreviations** Obs Mean 
Std. 
Dev. 
Possible impact on 
natural 
regeneration 
VIF* 
  
   
  
Natural regeneration persistence (km2) secveg_per 657 63.054 91.65   
Number of fines  ai_n_04_14 657 107.152 240.110 + 1.48 
Non-forest share (%) Nonforest_share 657 0.201 0.297 +/- 1.13 
Priority municipalities (dummy) mun_prioritario 657 0.096 0.347 + 1.40 
CAR area (km2) car_area 657 2,166 3,966 + 1.22 
Agriculture persistence (km2) agr_pers 657 23.477 158.980 +/- 1.82 
Clean pasture persistence (km2) c_pers 657 218.052 384.016 +/- 1.63 
Roads/highways (km) roads_ibge 657 484.032 588.526 - 2.07 
In-migrants (%) popnaonat2010 657 43.631 22.839 - 1.55 
Population density popdensity2010 657 25.830 131.723 - 1.70 
Rainfall (mm/year) rainfall 657 1,959.038 400.592 +/- 1.05 
Average temperature (oC) temp_med 657 25.947 1.084 +/- 1.44 
 * Significant values > 5.00 (analysis performed in Stata 15)  
** Abreviations used in Table 6.5 
Then, the study continued to the cross-sectional analysis, in a standard specific to general approach 
(Elhorst, 2010; Golgher and Voss, 2016). As in Chapter 4, the SLM estimated by ordinary least square 
(OLS) (Appendix 9.6 - Table S 6.3) was rejected by Moran and Breusch-Pagan tests. Consequently, the 
spatial models were estimated. The following Section will present and discuss the spatial models 
results. 
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 Results and Discussion 
The model results show a significant positive effect of law enforcement on the persistence of the 
natural regeneration. Thus, in this section, first I will offer an analysis of the distribution of natural 
regeneration, and then present and discuss the model results in detail.  
 
6.4.1 Natural regeneration persistence distribution 
The 41,427 km2 of persistent natural regeneration represents 5.4% of land under use (762,464 km2) 
and 24% of natural regeneration (173,387 km2) in the Amazon region in 2014. This means that 1 in 4 
km2 of natural regeneration is at least 10 years old.  
The persistent natural regeneration is mostly concentrated in three states: Pará has the largest area, 
14,726 km2 (35%) followed by Mato Grosso 9,039 km2 (22%) and Amazonas 7,176 km2 (17%). (Table 
6.2). 
Table 6.2 – Persistent natural regeneration distributed by the Legal Amazon states, for the period 2004-2014. (Source: 
Terraclass (INPE-EMBRAPA)) 
State 
Persistent natural regeneration 
km2 % 
Pará                              14,726  35.5 
Mato Grosso                                 9,039  21.8 
Amazonas                                 7,176  17.3 
Rondônia                                 4,198  10.1 
Maranhão                                 2,758  6.7 
Tocantins                                 1,372  3.3 
Acre                                 1,167  2.8 
Roraima                                    759  1.8 
Amapá                                    231  0.6 
Total                              41,427  100.0 
 
 
Moving to the municipality level, Figure S 6.1 (A) (Appendix 9.6) shows that 53% of municipalities had 
more than 1% of their territory as persistent natural regeneration. Most are located on the 
consolidated frontier of eastern Amazon, in the arc of deforestation, in line with the findings of Neeff 
et al. (2006). 
Delving further into the property level, 42% of the persistent natural regeneration was in small 
properties and 58% in medium and large properties. As expected, for the states of Rondônia and 
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Roraima, 70% of the persistence in natural regeneration were in small properties. At the other 
extreme, Tocantins and Mato Grosso had 64 and 77%, respectively, in large properties (Table 6.3).    
Table 6.3 – Distribution of natural regeneration persistence in small (<4 fiscal modules) and the combination of medium and 
large properties (≥4 fiscal modules) summarized by states in hectares and percentage. (Source: MMA and Terraclass (INPE-
EMBRAPA))  
UF State 
small - ha 
(%) 
medium and large - ha  
(%) 
AC Acre 38,915 40,928 
(49%) (51%) 
AP Amapá 4,454 4,786 
(48%) (52%) 
AM Amazonas 109,920 110,366 
(50%) (50%) 
MA Maranhão 67,534 64,924 
(51%) (49%) 
MT Mato Grosso 161,673 554,186 
(23%) (77%) 
PA Pará 453,903 617,776 
(42%) (58%) 
RO Rondônia 213,988 89,276 
(71%) (29%) 
RR Roraima 25,281 10,739 
(70%) (30%) 
TO Tocantins 32,634 59,074 
(36%) (64%) 
  Total 
  
1,108,301 1,552,055 
  (42%) (58%) 
 
The year in which the persistent natural regeneration area (polygons) was cleared revealed that 69% 
was deforested before 1997. It also showed an increasing trend in abandonments as the analysis 
moved back in time from 2004: 3.9% in 2003; 5.3% in 2002; 8.5%  in 2001; and 12.3% in 2000 (Table 
6.4). This agrees with some authors (Moran et al., 2000; Zarin et al., 2001), who claim that farmers 
use the area for 2 to 3 years and then abandon it due to poor soil quality, their low capacity in 
investing on soil recovery and a plentiful availability of land elsewhere in natural areas. More 
recently, in the last 14 years, the presence of environmental law enforcement has imposed some 
constraints on land availability and this could jeopardize the natural regeneration process and limit 
soil recovery, with accelerated fallow periods, consequently allowing soils to be degrade faster. 
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Table 6.4 – Summary of natural regeneration persistence areas by the year of deforestation (%) for the Amazon region. 
(Source: Terraclass (INPE-EMBRAPA))  
UF state 1997 2000 2001 2002 2003 Total 
AC Acre 2.8 0.0 0.0 0.0 0.0 2.9 
AP Amapá 0.4 0.0 0.0 0.0 0.1 0.6 
AM Amazonas 15.4 1.1 0.4 0.2 0.5 17.6 
MA Maranhão 3.7 0.5 2.1 0.4 0.1 6.7 
MT Mato Grosso 13.7 3.8 1.3 1.6 0.9 21.2 
PA Pará 22.8 4.2 3.7 2.4 1.5 35.4 
RO Rondônia 6.1 2.3 0.7 0.5 0.7 10.3 
RR Roraima 1.2 0.2 0.3 0.1 0.1 1.9 
TO Tocantins 2.9 0.3 0.1 0.1 0.0 3.4 
  Total 69.0 12.3 8.5 5.3 3.9 100 
 
6.4.2 The spatial regression model analysis 
 
The results of the SAC model confirmed the positive influence of environmental law enforcement on 
the persistence of the natural regeneration. There was no need to impose restrictions on the SAC 
model as SAR and SEM were both rejected (Appendix 9.6 – Table S 6.4). Consequently, the following 
paragraphs will present and discuss the results of the impact evaluation on the natural regeneration 
persistence using the SAC model (Table 6.5). 
Fines 
First, the model suggests a significant positive impact of fines on the persistence of passive 
regeneration by adding 436 ha (124-748) (p<0.01) for each additional one hundred fines, considering 
the 95% confidence interval. Indeed, environmental law enforcement generated a co-benefit beyond 
curbing deforestation, as detailed in Chapter 4.  
The presence of law enforcement generates an increased risk and fear of being caught. As a result, a 
decline in illegal operations can be observed. If the environment police operations are temporary 
after they leave, there is always the risk of offenders returning. However, the more permanent 
presence of the police will, in many cases, force offenders to move to a new and less patrolled area, 
usually more remote, and away from big centres. Therefore, abandonment of cleared areas increases 
and natural regeneration may start and persist in these areas, as the results suggest.  
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New Policies: Priority Municipalities and Rural Environmental Registry (CAR) 
Furthermore, two policies implemented by the Brazilian Federal Government: priority municipalities 
and CAR, also suggest a positive significant contribution to the persistence of natural regeneration, 
but with different magnitudes.  
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Table 6.5 – Impact evaluation of natural regeneration persistence SAC model: direct, indirect and total effects (STATA15). 
(Variables names available at Table 6.1) 
    Delta-Method   
  dy/dx Std. Err. z P>z 
direct     
Number of Fines (2004-2014) 0.044 0.016 2.74 0.006 
Non-forest area -65.319 9.816 -6.65 0.000 
Priority Municipalities 28.479 14.410 1.98 0.048 
CAR area 0.005 0.001 3.19 0.001 
Agriculture persistence 0.039 0.029 1.34 0.179 
Clean Pasture persistence 0.044 0.012 3.78 0.000 
Roads/Highways (km2) 0.049 0.012 4.16 0.000 
In-migrants in 2010 -0.803 0.188 -4.28 0.000 
Population Density in 2010 0.000 0.009 -0.03 0.974 
Rainfall (mm/year) 0.009 0.012 0.72 0.469 
Average Temp (oC) 7.370 3.845 1.92 0.055 
     
indirect     
Number of Fines (2004-2014) -0.141 0.110 -1.28 0.199 
Non-forest area 211.675 138.855 1.52 0.127 
Priority Municipalities -92.291 69.375 -1.33 0.183 
CAR area -0.015 0.011 -1.34 0.179 
Agriculture persistence -0.127 0.142 -0.89 0.374 
Clean Pasture persistence -0.141 0.110 -1.28 0.200 
Roads/Highways (km2) -0.160 0.114 -1.41 0.159 
In-migrants in 2010 2.601 1.551 1.68 0.094 
Population Density in 2010 0.001 0.029 0.03 0.974 
Rainfall (mm/year) -0.029 0.045 -0.65 0.518 
Average Temp (oC) -23.884 15.926 -1.5 0.134 
     
total     
Number of Fines (2004-2014) -0.098 0.104 -0.94 0.346 
Non-forest area 146.356 140.466 1.04 0.297 
Priority Municipalities -63.812 64.188 -0.99 0.320 
CAR area -0.010 0.010 -0.97 0.333 
Agriculture persistence -0.088 0.120 -0.73 0.467 
Clean Pasture persistence -0.098 0.105 -0.93 0.353 
Roads/Highways (km2) -0.111 0.111 -0.99 0.320 
In-migrants in 2010 1.798 1.607 1.12 0.263 
Population Density in 2010 0.001 0.020 0.03 0.974 
Rainfall (mm/year) -0.020 0.034 -0.59 0.558 
Average Temp (oC) -16.514 15.049 -1.1 0.272 
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First, the PM policy suggested that a significant increase in the persistence of natural regeneration, 
added 2,848 ha (24-5,672) (p<0.05) for listed municipalities. However, this outcome should be 
viewed with some caution, because this covariate seems to be sensitive to others, where small 
changes in the inclusion/exclusion of covariates in the model, makes it move from significant to non-
significant and vice-versa. Second, CAR can add 0.45 ha (0.2-0.7) (p<0.01) of persistent natural 
regeneration for every 100 ha of CAR added to the system. 
The priority municipality list policy suggests a co-benefit for natural regeneration persistence. It 
appears that law enforcement also contributed to a substantial increase of 75% in natural 
regeneration, escalating from 100,674 km2 (2004) to 173,387 km2 (2014) (Table 2.9). 
CAR still adds little to the persistence of natural regeneration, but as CAR evolves to full 
implementation in the mid-long term (see Chapter 3), more compliance with the law can be 
expected. As a consequence, more areas will come formally under passive and active regeneration. 
The specific decree for CAR established an initial period of two years for landowners to register their 
properties in the system. However, this has been extended a few times, and currently has no 
deadline for registering. Once the property is registered, the landowner will know if the property is 
compliant with the current legislation. If not, the land-owner will have to sign a commitment term as 
part of the Environmental Regularization Program (PRA, Brazilian acronym). In addition, the 
landowner has to present a project to restore degraded and altered areas in his property. In doing so, 
the landowner will be in compliance with the legislation as long as the restoration project is 
implemented. This has been monitored by the government on a yearly basis, which is mandatory 
under the Forest Code, and under the penalty of landowners having their registrations blocked and 
being listed in the government non-compliance public list (Brazil, 2012a; Brazil, 2012b). So far, the 
results of CAR have been important but not yet very extensive, due to the short interval of 2 years 
since it was implemented, and relative to the PM policy enacted further back in 2008.   
However, the area under regeneration can improve significantly in the coming years, with the 
implementation of restoration projects. Letting areas regenerate naturally is one of the cheapest 
options for the landowner to recover areas with low investments in fences whenever necessary, to 
avoid cattle. Thus, the accomplishments of this policy implementation should be re-assessed in the 
near future, and the findings will be very important for the persistence of natural regeneration.   
Crops and pasture 
The persistent areas occupied by clean pasture and crops suggest different responses to the 
persistence of natural regeneration, even when controlling for other factors. The marginal effect of 
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livestock significantly adds 4.4 ha (2.1-6.6) (p<0.01) of persistent natural regeneration for each 
additional 100 ha of persistent clean pasture. In contrast, the persistent agriculture has no significant 
effect (p=0.179) on the persistence of natural regeneration. In both cases, these results were as 
predicted. It is noteworthy that the extension of persistent agriculture is currently 10 times smaller 
than clean pasture, with areas of 15,424km2 and 143,264km2, respectively. 
As discussed in Chapter 5, crops are profitable and well established production systems. Therefore, it 
has a low dynamic of losses for other land uses, for instance, less than 1% (150km2) of the total crop 
area were abandoned, and classified as secondary vegetation. In contrast, the gains were substantial, 
around 150% (18,354km2 to 45,050km2) in the period, mostly from pastures, 62% and 25% from 
pristine forests, but only 1,884km2 (6.6%) originated in natural regeneration (Table 2.9) results 
support the findings of the model of a positive and significant effect of pastures, but no significant 
effect of crops on the persistence of natural regeneration. 
In summary, as reported elsewhere, in the Amazon, extensive ranching still produces low-yield 
products, with low technological development and susceptible to land speculation (Hecht, 1993b; 
Bowman et al., 2012; Garrett et al., 2017). For this reason they remain a low investment and added 
value lands (Nepstad et al., 2009; Bowman et al., 2012). By contrast, agriculture, especially soy, has 
shown a substantive land value added on frontier expansion areas (Kaimowitz and Angelsen, 1998; 
Cattaneo, 2001; Angelsen and DeFries, 2010). This may also help to explain the persistence of 
agricultural lands and the strong clustering in the central area of Mato Grosso, as a consolidated 
frontier with high productivity yields and increasing intensification with double-crops (Spera et al., 
2014). Angelsen and DeFries (2010) elaborated on Von Thünen’s land rent framework and suggested 
that more recent agriculture is spatially delinked to deforestation, in line with Macedo et al. (2012). 
As agriculture is consolidated in closer and more accessible areas with higher rent costs, it has 
displaced pastures lands, as we found here, in line with other studies (Macedo et al., 2012; Meyfroidt 
et al., 2014), pushing cattle to move to more distant areas. A classical representation of Von Thünen 
model, where cattle is further away from the centre. 
Roads and highways 
Counterintuitively, roads suggest a significant positive increase of 4.9 ha (2.6-7.3) (p<0.01) of 
persistent natural regeneration for every km of road added to the network. Roads mean accessibility 
in the vast Amazon forest, whether for good or bad. Therefore, unpaved roads are another key 
component of deforestation that have spread at the Amazon frontiers. These are mostly unofficial, 
and are open daily under the canopy of native vegetation, to access new areas to be explored and 
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ultimately deforested. This is sometimes legal, but mostly not, as partially speculation and land 
grabbing (Hecht, 1993a; Aldrich et al., 2006; Araujo et al., 2009; Bowman et al., 2012; Rudel and 
Meyfroidt, 2014). Nevertheless, the remote sensing monitoring system is capable of detecting it 
together with selective logging and deforested areas through habitat clearance. In combination with 
the environmental agency operations, it can be disrupted at its early stages. Leaving behind some 
deforested areas that, if not disturbed again, will start a forest recovery process. In addition, as 
discussed in Chapter 4, the poor condition of roads and poor access can cause higher transport costs, 
making activities impossible in certain areas. Consequently, this could lead to higher rates of 
abandonment and an increase in persistence of natural regeneration.  
In-migrants 
It was no surprise that the percentage of non-resident population (in-migrants) had a significant 
negative effect on the persistence of natural regeneration, 1% increase in non-residents goes along 
with a decrease of 80 ha (44-117) (p<0.01) of persistent natural regeneration. In line with (Perz and 
Skole, 2003b p38) “municipalities receiving more rural migrants should have less secondary growth.” 
The Amazon region has a long history of waves of occupation and deforestation (Moran, 1981; 
Moran, 1993; Perz and Skole, 2003b; Garcia et al., 2007; Brondizio and Moran, 2008; Brondizio and 
Moran, 2012; VanWey et al., 2012). The most recent started in the late sixties of the last century, 
encouraging people with no land in other regions of Brazil, to move to lands with no people in the 
Amazon. The perception of this wave of occupation is still alive nowadays: occupy to produce and 
live on your own legal piece of land. Since its inception in the early 1960s, this social inclusion policy 
targeted the poorest, and has settled more than 1.3M families in 88M ha, in settlements provided 
land for landless families (Moran, 1981; Fearnside, 2001; van de Steeg et al., 2006; Merry et al., 2008; 
Leite et al., 2011; INCRA, 2018). 
Inevitably, on arrival, these families had to clear forests, at least, to start subsistence agriculture. 
Thus, they have to clear forested areas or secondary vegetation areas. The latter is considerably 
easier to clear and will have a negative impact on the natural regeneration persistence as suggested 
by our findings described above. More recently, some settlements adopted more sustainable 
concepts (Alencar et al., 2016; Assunção and Rocha, 2016). As reported elsewhere, settlements have 
heterogeneous effects on deforestation and natural regeneration (Ludewigs et al., 2009). People that 
moved into the Amazon may not be adequately aware of climatic conditions, and especially rain and 
temperature, may affect their crops and pastures. In turn, this led to a premature abandonment of 
the land through not knowing how to deal with climatic conditions, in the absence of technical 
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support from the government or simply because they were settled in areas with very low capacity for 
agricultural activity.  
However, this is just part of the reason why foreigners come to the Amazon rainforest. Others result 
from the low price of lands, and weak control of the law. Others may be fugitives convicted of mining 
precious minerals like diamonds and gold. Others seek the possibility of developing or expanding 
commodity production like, soy, maize and beef, and not necessarily in compliance with the law.  
Furthermore, it is easier, cheaper and less risky to clean an area under regeneration against a 
forested area of natural habitat, as explained earlier in this section. It is less risky, simply because the 
federal government do not monitor the secondary vegetation38 as it does with forests. Indeed, it is 
only partially monitored, fined and embargoed areas have a follow-up to avoid recurrence. This may 
be a blind spot in the government strategy that is being exploited by offenders.  
Non-forest areas 
It was very important to control for the non-forest areas, such as Cerrado formations, once it is not 
observed by the deforestation and land use change monitoring systems. Otherwise, some important 
municipalities with high shares of non-forest areas could bias the effects of persistence on natural 
regeneration. Therefore, a 1% increase in non-forest area reduce 65 km2 (46-84) (p<0.01) of natural 
regeneration. So, as the non-forest share increases, the possibility of any land use change towards 
natural regeneration is smaller. Hitherto, it is according to what was expected, as only forested areas 
were mapped for land use change and deforestation.  
Results in previous studies from the early 2000’s suggested that there was an associated increase in 
secondary forests with the rise of deforestation (Perz and Skole, 2003a; Neeff et al., 2006). By 
contrast, my results suggested a different direction. As deforestation declined significantly between 
2004 and 2014, natural regeneration has increased from 100,674km2 to 173,387km2 (Almeida et al., 
2016). Furthermore, the percentage of accumulated deforestation occupied by natural regeneration 
also increased from 16.4% in 2004 to 22.8% in 2014. From 2012 to 2014 the percentage of natural 
regeneration remained constant whilst deforestation was stable at around 5,100 km2.  
This rise in the area of secondary vegetation, as a co-benefit of deterring deforestation, is probably 
due to more frequent law enforcement operations. In the long term, however, we may experience a 
different trend, if we consider that the NGO’s pledge: “zero new deforestations” (Azevedo et al., 
2015; Moutinho et al., 2016) is successfully implemented/enforced. The immediate and obvious 
                                                          
38 Only very recent, in 2018, Ibama started to monitor secondary vegetation. 
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target of the offenders will be secondary vegetation. But not only for them, but also some genuine 
landowners in search of opportunities for expanding their activities. This may lead to a reduction of 
areas under recovery and jeopardize the Brazilian restoration commitments in the Paris Agreement. 
The consequences could be a significant reduction in carbon sinks and loss of connectivity among 
landscapes intended for biodiversity. 
Moreover, the results of this study suggest that environmental police are capable of halting drivers of 
disturbance, in line with the findings of Melo et al. (2013). Indeed, this is one of the most important 
steps to initiate restoration in a landscape. It can be an important ally in the achievement of the 12M 
ha of restoration goals supported by the Brazilian Nationally Determined Contribution (NDC) to the 
Paris Agreement by 2030.  
Indeed, passive regeneration in the Amazon is a feasible option for a low cost, large-scale restoration 
that should focus on carbon and biodiversity. To start such an ambitious large-scale restoration, a 
diagnosis would be very important. Therefore, these analysis must assess the most appropriate areas 
for natural regeneration, considering the ecosystem resilience, land use history and landscape 
context of the local area (Hobbs and Harris, 2001; Hobbs, 2005; Cramer et al., 2007; Holl and Aide, 
2011; Morrison and Lindell, 2011). Hence, passive restoration areas will be: identified; classified 
whether passive or active; and, prioritized. At the same time, the levels of intervention for active 
restoration should be publicized, in order to minimize the high costs of active restoration in degraded 
lands and to maximize natural regeneration. A reasonable proportion of the necessary restoration 
can be achieved by natural regeneration, as Melo et al. (2013) suggest for the Atlantic Forest biome, 
where around 50% of landscapes have qualified for passive restoration at low cost.  
In turn, in the Amazon region has been less intensively used as areas for cropping and pasture. 
Therefore, the Amazon should be the priority for passive restoration. Furthermore, Nunes et al. 
(2015) suggests that the focus should be on large properties which account for a high proportion of 
forest debts. The selection would also benefit from the ‘inclusion of other environmental services like 
water, preventing soil erosion and connectivity of functional landscapes for biodiversity 
conservation’ (Latawiec et al., 2015 p213). 
Such initiatives must have a robust governance structure, and a central coordination unit is 
imperative, to regulate, monitor, provide guidance, high standards for training for regional and 
decentralized implementation groups, and initiatives. Restoration projects must consider full 
ecological recovery as an achievement/final target. It has to be carbon and biodiversity focused. 
Some large scale restoration projects are criticized for not considering an ecological recovery 
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approach. In addition, restoration has to incorporate the provision of ecosystem services and 
socioeconomic development of rural areas. 
Some active restoration has started to take place in the Amazon, hand-in-hand with CAR 
implementation. Landowners have been restoring their legal reserves and permanent protection 
areas, to be in compliance with the new Forest Code. All this will require the support of a wide range 
of stakeholders and sources of funds including: local government; state government; federal 
government; local and international NGOs; the Amazon Fund initiative; Global Environment Facility 
(GEF); and the German and Norwegian governments.  
Restoration is a long term process (Martin et al., 2013) and embraces some associated risks. For 
example, Zahawi et al. (2014) pointed out that the speed of passive restoration can be seen as a 
failed project that is not being taken seriously by landowners, unless they are forced to. Their second 
point focusses on the costs. Even passive restoration has to bear some costs for materials, fence 
construction along with repairs, and labour expenses associated with fires and regular visits. The 
combination of these two factors, along with weak environmental law enforcement, brings risks to 
the persistence of natural restoration. 
So, if restoration is dependent on the landowners’ discretion, economic solutions must be budgeted 
(Rodrigues et al., 2009b; Rodrigues et al., 2011; Latawiec et al., 2015). However, landowners usually 
do not have the capital and expect an economic return from their investment. Motivation will be 
crucial to encourage participation and when it could be translated into a different economic return. 
Vieira et al. (2014 p1749) point out that “it is vital that second-growth forests are ultimately 
recognized as being a benefit, rather than an impediment”. 
 
6.4.3 Study limitations 
 
This study was limited to a 10-year period, although the fallow period in the Amazon can last from 3 
to 30 years depending on several factors, especially the technology used in cattle ranching 
(Fearnside, 1996; Neeff et al., 2006; Laue and Arima, 2014). Therefore, a portion of the persistent 
natural regeneration might only be in a fallow period, while waiting to be used again in the next 
fallow period. A longer period of evaluation is necessary, going back to the 1990 and 2000’s, and 
continuing forwards to 2018, with high resolution mapping. It would certainly provide precious 
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information on land use changes and persistent areas of natural regeneration to gain a more robust 
understanding of its drivers and effects.   
The study exposed some of the triggers for using natural regeneration areas. First, it could be the 
property fallow cycle itself. Second, the extensive presence of the law enforcement controlling 
deforestation of natural habitats, and the much weaker control of the natural regeneration areas. 
Third, changes in government environmental priorities and budget constraints could cause a 
relaxation of law enforcement. Fourth, the pressure from the market, retailers and NGOs’ for a clean 
supply chain with no natural habitat conversion. The most prominent example is the Brazilian 
Amazon Soy Moratorium. Fifth, an accelerating rate of economic momentum.  
It was beyond the scope of this study to evaluate the vegetation successional stage of the persistent 
areas of natural regeneration. In other words, an area that has been there for ten years does not 
necessarily represent a 10-year old secondary vegetation. Human interferences like the incidence 
and recurrence of fires, history of land use, through time, intensity and isolation, can delay the 
process of natural regeneration (Nepstad et al., 1996; Walker et al., 2002; Perz, 2003; Perz and Skole, 
2003b; Rodrigues et al., 2009b; Rodrigues et al., 2011; Melo et al., 2013; Latawiec et al., 2015).  Here, 
the investigation was limited to the year of deforestation and property size of the area with 
persistent natural regeneration (Table 6.3 and Table 6.4).  
Further research is needed to investigate the passive regeneration in more detail, in terms of carbon 
accumulation and landscape connectivity for biodiversity. It is well known that secondary vegetation 
plays an important role in providing structural and functional connectivity in the landscape. 
  
128 
 
 Conclusions 
 
In applying the best statistical approach to the case, this study found that fines play a very important 
role in the amount and persistence of natural regeneration presence in the landscape. However, I did 
not find any leakage effect, which suggests that fines in a municipality do not impact the persistence 
of secondary vegetation of its neighbours’.  
Hence, environmental law enforcement is significant for the persistence of natural regeneration in 
the Amazon and elsewhere. So far, the literature points to socioeconomic reasons as the most 
frequent cause of land abandonment (Perz, 2000; Perz and Skole, 2003b; Shoo et al., 2013; Laue and 
Arima, 2014). It is more difficult to find cases of abandonment based on command and control 
through environmental police operations, as in this study. One exception is the work of Rodrigues et 
al. (2011) that suggests that abandonment of large properties in the Atlantic Forest in Sao Paulo state 
of Brazil was due to law enforcement. 
Almost a third of the Brazilian NDC restoration commitment could come from the natural 
regeneration taking place in the Amazon as reported here (41,426 km2). An optimistic perspective 
shows that 38,251 km2 of persistent natural regeneration of six years old (2008-2014) can be added. 
Since, this consistent trend continues, over 2/3 of the Brazilian 2030 restoration target could be 
covered by passive or low cost active restoration. As presented in this study environmental law 
enforcement could play an important role in restoration goals. 
Even though this chapter suggests that law enforcement operations on the ground could have a 
positive impact on the persistence of natural regeneration, protecting primary forests is still the best 
option to mitigate climate change. ‘Primary forests tend to be more resilient to climate change and 
other human-induced environmental changes than secondary forests and plantations’ (Thompson et 
al., 2009) (Chapter 11 of the 5th IPCC report, p846). 
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7 Final remarks and conclusions 
I conclude where I started, with the conviction that it is possible to balance conservation and 
production. I have shed light on some pieces in this complex puzzle and shown how they can 
influence this balance for the Brazilian Amazon. Consequently, the results of this thesis are 
encouraging and point to the strong potential impact of law enforcement on increasing the 
persistence of natural regeneration, reducing forest loss, and reshaping the land use system towards 
intensification in the Brazilian Amazon. Indeed, environmental law enforcement has been very 
effective in the Amazon context. 
Throughout the study period from 2004-2014, Brazil has shown that a strong combination of policies 
and massive collaboration among all sectors, whether governments, civil society, producers, traders, 
and retailers, nationally and internationally, working on supply and demand sides, can lead to a low 
carbon economy. As the results of this thesis have shown, the dynamics of land-use change in regions 
like the Brazilian Amazon are complex and require sophisticated arrangements to deliver the desired 
outcomes. 
Consequently, it is vital to encourage and promote an evolution in governance. This should combine 
the approaches of soft and hard law, as instruments aimed at reaching different actors, acting in 
complementary ways in pursuit of the same goal: to achieve a balance between conservation and 
production. However, it is also clear that this nexus is still unstable in many areas, and any political 
and/or policy perturbation may cause big losses and quickly reverse previously solid advances. 
Therefore, the challenge ahead is to make this balance consistent, stable, and less vulnerable to 
perturbations. Hence, a better understanding is needed of the adequate combination and 
sequencing of policy mixes that will help improve future design, implementation and performance.  
High levels of political will are required by governments to halt tropical deforestation. This need for 
strong political will is at the core of any initiative to change the course of forest loss, of feeding a 
hungry planet and promoting the necessary and desirable development of a low carbon economy 
over the entire globe. The transformation of predatory activities in tropical forests into a sustainable 
model remains a constant challenge and requires coordinated actions in the three fundamental 
pillars of sustainable development:  
 environmental,  
 social and  
 economic. 
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In this context there is no room for radicalism within any of the pillars. Instead, an incessant search is 
required to achieve a balance between these three forces which will determine the development 
that is needed for the Amazon, and the planet more generally. Furthermore, environmental issues 
are at the heart of a new global low carbon economy.  
Having said that, governance remains the key factor in land management (Roitman et al., 2018). 
Governance has only one possible path in the Amazon, through long term collaboration among 
different stakeholders and strong commitment, a path that certainly is not easy. Governments at all 
levels, whether federal, state and municipal, civil society, producers, traders, retailers and consumers 
must row together, and in the same direction, if humankind really means to reverse deforestation 
and mitigate climate change. Furthermore, international collaboration must be part of the equation, 
through international mechanisms already established as REDD+ and the Green Climate Fund under 
UNFCCC. Also, through institutional arrangements like the Pilot Program for Tropical Forests 
Protection - PPG7, a long-term initiative that left a great legacy, with strong support and 
collaboration among the G7 countries, international non-governmental organizations, Brazilian 
society and government. 
Combating tropical deforestation is a gigantic global challenge that needs to be tackled locally and on 
a daily basis. Simple and understandable messages are very important to help this enormous 
challenge become much more tangible when building initiatives and actions in local and regional 
arrangements, with wide participation. All possible local and regional arrangements must be 
encouraged and pursued with an inclusive and participatory governance framework to be successful. 
As suggested by Patuelli et al. (2012 p.3) “policy makers who understand the specific characteristics 
of a region…are able to tackle problems more effectively and to anticipate more accurately the 
necessary responses”. This approach also increases the sense of ownership and belonging to the 
resulting achievements. This was the case for the municipalities of Paragominas/PA and Alta 
Floresta/MT that entered the list of priority municipalities yet managed to reverse the alarming rates 
of deforestation, and leave the list a few years later. This change was achieved through broad 
mobilization of the local municipal government, in collaboration with the federal government, state 
government, organized civil society, local producers associations, independent producers, research 
institutions, and environmental and social non-governmental organizations. 
The results of this thesis also point to the potential of environmental law enforcement as a catalyst 
for reshaping Amazon land use. Conversion of forest to alternative uses has reduced, and thereby 
increased the exchange of land on cleared areas, and increased natural regeneration. Moreover, 
there has been an increase in the tax collected in priority municipalities with the largest presence of 
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enforcement, suggesting a possible migration to legal activities, an important sign in combating 
illegal activities and tax evasion. Therefore, policy approaches should consider a sustainable 
landscape perspective, a development model that looks at the different perspectives of actors who 
make up the landscape, so that policies are specific enough to seek appropriate solutions in every 
situation.  
In this context, Environmental Economic Zoning (EEZ) is a strategic public policy for landscape 
planning and regional development. Based on spatial information, EEZ should guide public policies to 
achieve optimal land use in order to maximize the balance and benefits of conservation and 
development. Thus, any changes should prioritize incentives to adopt a low carbon agriculture, with 
semi-intensification of the cattle herd, or even a reduction or exchange to encourage alternative 
sources of protein with lower emissions, consistent with the forest conservation policy. In addition, 
highly suitable lands for agricultural should be prioritized for this purpose. However, it is a huge 
challenge for governments to fully implement an EEZ, and land tenure and environmental law 
enforcement will be central to the success of a landscape initiative approach.  
Governance and landscape planning raise two key issues in attempting to move out of the vicious 
cycle of forest loss into the virtuous cycle of ecosystem restoration and sustainable development of 
the largest continuous rainforest on the planet, before the Amazon reaches the tipping point of no 
return (Lovejoy and Nobre, 2018).  
The lack of clarity over land ownership remains one of the main bottlenecks to resolve in the 
Amazon. Land tenure and property rights still remain a considerable threat to control deforestation. 
So, the success of combating deforestation necessarily involves solving this issues and the adequate 
designation of undesignated public lands, a constant target of land grabbers and offenders. These 
areas account for significant portions of recent deforestation (see Chapters 2 and 4). Therefore, it is 
imperative that governments seek faster solutions to ensure land security. The Brazilian government 
took an important step to accelerate land designation by creating an inter-ministerial working group 
in 2012. So far, 47.8M out of 60M ha of federal lands have already been designated: 34.7M for land 
tenure regularization, 1.5M ha with land titles emitted, 7.5M ha for new protected areas, 0.1M ha for 
settlements, 2,500 ha for Indigenous lands and 4M ha had been defined before the working group 
started. Another 10.6M ha are under evaluation, 1.8M ha are pending for consultation, and finally 
1.6M ha has yet to be designated. Despite the encouraging results, the work has not yet been 
completed, and it is still insufficient to solve the problem.  
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Certainly, land rights are a key component of deforestation control and land use governance, 
requiring further investigation. Here I have only explored the tip of the iceberg of this complex puzzle 
of the Amazon land use system. So, when solved, or at least when showing strong political will to 
overcome the problem, will facilitate public and private partnerships, and the investments for a 
sustainable intensification of agriculture, consequently, sparing lands for conservation. Moreover, if 
combined with the appropriate economic incentives, it can significantly boost sustainable 
investments to reach the scale the Amazon demands.  
In parallel, law enforcement has made a considerable contribution in the field. However, law 
enforcement has faced some administrative limitations that need to be overcome to renew the 
challenges, and not to let the idea spread among offenders that they can act with impunity (see 
Chapter 4). In addition, the recurrent forgiveness of debt offered for farmers’ loans also does not 
favor an increase in efficiency and in the quality of Brazilian agriculture, which may be consigned as 
areas of low productivity in perpetuity.  
Government incentives need to be aligned with the needs of a low-carbon economy. A considerable 
slice of the agricultural sector in Brazil is looking into the 21st century and clearly understands that 
the sustainability of Brazilian agriculture needs to be synchronized with the conservation of natural 
environments and the reduction of GHG emissions. The overall aim would be to seek for more 
efficiency in production, under the penalty of having to reduce productivity and eventually restrict 
Brazilian commodities in important international markets. Unlike groups that remain in the practice 
of past-century agriculture, the market will certainly shrink, while information on the availability of 
supply chain and transparency grows exponentially. Hence, provided with information for their 
decision-making process, farmers can have orders cancelled by international partners, as seen in 
some recent initiatives with the escalation of deforestation and fire in the Amazon. For example, 
some companies have stopped importing Brazilian leather, and soybeans to feed salmon farms. So, 
the incentives for a modern and more sustainable agricultural sector must outperform and be 
hegemonic in the short-term for the proper confrontation of climate change and the development of 
a low-carbon economy. Hence, Brazil will become one of the global leaders in agricultural 
commodities for human and animal populations. 
Moreover, the globalized economy is showing a considerable and growing influence on 
deforestation, as economic improvements and growing urbanization in certain countries pushes 
and/or triggers agricultural production in distant regions (McAlpine et al., 2009; DeFries et al., 2010; 
Arima et al., 2011; Fearnside et al., 2013; Meyfroidt et al., 2013; Fearnside and Figueiredo, 2015).  
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For instance, the food security safeguards of a nation like China require the internal production of up 
to 85% of their basic food supply needs. This will have important consequences in other regions to 
supply the increasing demands of the economic growth (GDP) in China, where people now consume 
more meat, especially pork. As a consequence, the gap in demand for cereals needs to be plugged to 
feed the pork herd in distant countries like Brazil. China responds by sourcing the largest and growing 
share of Brazilian exports up to 19% of total, and growing at astonishing annual rates of 40.4% from 
2000-2008 (Fearnside and Figueiredo, 2015). There is a clear need for improvements in Brazil-China 
trade agreements and commitments, in order to guarantee a clean and deforestation-free supply-
chain for Chinese industry. This is certainly not an easy task as China imports commodities from 
many different nations worldwide, with considerable variations on environmental legislation 
requirements. However, both countries have proven to be great leaders and direct influencers in 
climate negotiations. Therefore they must join efforts to seek an agreement aiming at low carbon 
agriculture and lead the necessary transformation. 
Another example is the very wealthy market of Europe, which has decreased its agricultural areas at 
the expense of importing products from other regions of the planet, and displacing their contribution 
to global forest loss to other nations (Mills Busa, 2013), thereby sustaining internal consumption, 
while shaping regrowth rates of forests within their borders, and moving to the final stages of the 
forest transition. Consequently, tropical countries like Brazil and Indonesia have absorbed the 
growing global demands for key agricultural products like soy, meat and palm oil (Meyfroidt et al., 
2013). 
Therefore, transparency and traceability of the supply chain of agricultural commodities in the global 
market must be pursued tirelessly as a benchmark. As on the demand side, consumers are 
increasingly demanding this attitude from their supermarkets and retailers, considered a key factor 
that can contribute to eliminating deforestation. However, there is still a long way to go, as reported 
in 2016 by Lambin et al. (2018). Only one in four of Consumer Goods Forum member companies had 
put measures in place to ensure compliance in their business processes or suppliers. Nevertheless, 
the private sector and banks have an important complementary role to play in law enforcement on 
the one hand, and consumers on the other hand. 
Last but not least, this study has shed light on the impact of law enforcement on natural 
regeneration. Indeed, this is the century for ecosystem restoration, the new mantra of the century, 
as emphasized by T. Lovejoy (personal comm.). 
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Deforestation will not end by working only in the Amazon. It is necessary go beyond the biome and 
national borders, to engage with neighbouring countries, the buyers and consumers of all products 
and commodities coming from the Amazon, working on both supply and demand sides of the 
equation. 
In the broader perspective, combating illegal activities will always be an endless and tough task in 
which some battles are won, using all the policy and support that is in place. However, the war will 
still be there challenging those who are involved, every single day. 
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 Brazilian Government open source information and databases to support the development of this study. 
 
Organization Dataset Description Access Time series 
Brazilian Environmental 
Agency (Ibama) 
Surveillance database (SICAFI) Results of the inspection operations carried out by 
IBAMA, including processes, fines, location, values, 
arrested materials, latitude/longitude etc. 
Public 
(web page) 
Daily since 
198 
https://servicos.ibama.gov.br/ctf/publico/areasembargadas/ConsultaPublicaAreasEmbargadas.php  
Embargoed areas Public web based system with embargoed areas and its 
metadata. 
Public 
(web page) 
Daily since 
2005 
https://servicos.ibama.gov.br/ctf/publico/areasembargadas/ConsultaPublicaAreasEmbargadas.php  
Unpaved roads Unofficial roads opened by offenders illegally in the 
Amazon 
Restricted to 
officials of 
Ibama 
No 
http://siscom.ibama.gov.br/  
  
Ministry of the 
Environment (MMA)/ 
Brazilian Forest Service 
(SFB) 
Rural Environmental Registry 
System database (SICAR) 
Information about the rural property: limits, areas 
used for production, legal reserve and permanent 
preservation . Also, highlights the areas to be 
recovered according to the current New Forest Code. 
Public 
(web page) 
Since 2012 
http://www.car.gov.br/publico/imoveis/index  
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Organization Dataset Description Access Time series 
Ministry of the 
Environment (MMA)/ 
Chico Mendes Institute 
for Biodiversity 
Conservation (ICMBio) 
Protected Areas database All information regarding Federal, state, county and 
private protected areas. 
Public 
(web page) 
 
http://mapas.mma.gov.br/i3geo/datadownload.htm  
  
National Institute for 
space research (INPE) 
Amazon annual deforestation 
database (PRODES) 
New deforested areas in the Brazilian Legal Amazon 
forests 
Public 
(web page) 
Yearly since 
1988 
http://www.dpi.inpe.br/prodesdigital/prodes.php  
Land use change (Terraclass Study) Land use change classification (pasture, agriculture, 
natural restoration, mining, water, clouds, cities etc.) 
for all deforested areas in the Amazon. 
Public 
(web page) 
2004, 2008, 
2010,2012, 
2014 
http://www3.inpe.br/cra/projetos_pesquisas/dados_terraclass.php 
Precipitation, temperature and 
slope 
Climatic and surface data Public access Variable 
http://www.dpi.inpe.br/Ambdata/English/  
  
National Institute for 
Colonization and 
Settlements database Spatial data from existing agrarian reform settlements 
including total area and each beneficiary plot.  
Public 
(web page) 
Daily update 
http://acervofundiario.incra.gov.br/geodownload/geodados.php  
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Organization Dataset Description Access Time series 
Agrarian Reform 
(INCRA) 
Public Lands (vacant lands) 
database 
State-owned but that are not applied to any public use, 
yet. (“Terras Devolutas”) 
Available by 
request 
Daily update 
http://acervofundiario.incra.gov.br/geodownload/geodados.php  
  
Brazilian Institute of 
geography and statistics 
(IBGE) 
Political borders (Municipal, states 
and federal) 
Database with all the political borders of Brazil Public 
(web page) 
 
https://downloads.ibge.gov.br/downloads_geociencias.htm  
Brazilian biogeographical region Brazil has six biogeographical regions: Amazon, 
Cerrado (tropical savannas), Caatinga (xeric shrubland), 
Pantanal (wetland areas), Atlantic Forests and Pampa 
(grass lands)  
Public 
(web page) 
 
https://downloads.ibge.gov.br/downloads_geociencias.htm  
Natural features and others Rivers, soils, geology, precipitation, official roads,  Public 
(web page) 
 
https://downloads.ibge.gov.br/downloads_geociencias.htm  
Agriculture and livestock census Includes municipal data for rural production and 
productivity (annual and perennial agriculture and 
livestock) and many other indicators of economic and 
social development. 
Public 
(web page) 
 
https://sidra.ibge.gov.br/acervo#/S/Q  
SIDRA database Municipal Agricultural Research (PAM) Public  
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Organization Dataset Description Access Time series 
(web page) 
Municipal Livestock Research data (PPM) Public 
(web page) 
 
Municipal Plant Production and Forestry (PEVS) Public 
(web page) 
 
Economic indicators database Per capita-GDP, GDP, inflation, household incomes, 
currency exchange rates etc. 
Public 
(web page) 
 
Population Census Social indicators: education, health, employment etc. Public 
(web page) 
 
 https://sidra.ibge.gov.br/acervo#/S/Q  
  
Indigenous people 
National Foundation 
Indigenous territories database       Geographic limits of indigenous territories Public 
(web page) 
http://www.funai.gov.br/index.php/servicos/geoprocessamento 
  
Center for advanced 
studies in applied 
economics 
(CEPEA/ESALq) 
Commodities prices database Information about national and international market 
prices of commodities (soy, maize, beef etc.)  
Public 
(web page) 
 
https://www.cepea.esalq.usp.br/br  
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Organization Dataset Description Access Time series 
Institute for economics 
applied research (IPEA) 
Economic database Economic indicators and indices related to public 
policies implementation. 
Public 
(web page) 
 
http://www.ipeadata.gov.br/Default.aspx  
  
Brazilian Central Bank Loans for agriculture development 
database 
includes information on the subsidized loans for 
agribusiness and family farming, such as "Harvest Plan" 
(MAPA39) and PRONAF/MDA40, respectively. 
Available by 
request 
1999-2017 
https://www.bcb.gov.br/?RELRURAL  
  
     
 
                                                          
39 MAPA – Ministry of Agriculture, Livestock and Supply 
40 PRONAF/MDA – National Program for strengthening Smallholders Agriculture/Ministry of Agrarian Development.  
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 Supplement material – Chapter 2 
 
Table S 2.1 – Percentage of deforestation by categories of use in the period 2004-2014. Categories: protected areas (strict 
preservation and sustainable use), indigenous lands, settlements, federal public lands (without allocation), private areas and 
others. (Sources: MMA, FUNAI, INCRA and MDA) 
Year Indigenous lands 
Protected Areas 
Settlements 
Undesignated 
Federal Public 
lands*  
Private areas 
/Others 
Strict 
Preservation 
Sustainable 
use 
2004 2.5% 2.0% 5.0% 19.2% 25.1% 46.2% 
2005 2.1% 1.2% 4.4% 21.3% 24.6% 46.4% 
2006 2.1% 1.2% 6.9% 24.9% 29.4% 35.6% 
2007 2.3% 0.9% 9.3% 25.0% 28.0% 34.5% 
2008 3.4% 1.0% 5.5% 27.6% 27.0% 35.6% 
2009 5.1% 1.0% 8.8% 33.1% 25.0% 27.1% 
2010 4.7% 0.9% 7.5% 32.7% 24.8% 29.5% 
2011 4.1% 0.6% 5.9% 34.2% 27.0% 28.2% 
2012 3.6% 0.9% 6.9% 31.6% 25.1% 31.9% 
2013 3.0% 0.6% 8.4% 31.4% 23.8% 32.8% 
2014 1.9% 0.4% 9.0% 31.1% 22.7% 34.8% 
*Public lands exclude overlap areas with PA, IL and Settlements 
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Table S 2.2 – Land use description of thematic classes mapped by Terraclass project, adapted from Almeida et al. (2016) 
* Reforestation started to be mapped only in 2010. Thus, it is an addition to Almeida et al. (2016) 
** They are represented here for the benefit of the reader that they were considered in the high resolution mapping. 
 
Thematic categories Description 
Annual crop 
Extensive areas with predominance of annual crops, specially grains, highly 
technological such as certified seeds, enriched soil, chemicals, fertilizers, 
mechanization among other resources. 
Non-observed areas 
Areas not possible to be interpreted due to clouds or cloud shade at the moment of 
the satellite overpass or recently burned areas.  
Urban areas 
Population concentration forming small inhabited places, villages and cities that 
present differentiated infrastructure from the rural areas with street design and 
higher density of dwellings such as houses, buildings and other public spaces. 
Mining 
Areas of mineral extraction with the presence of bare soil and deforestation in the 
proximity of water bodies. 
Mosaic of uses 
(occupation) 
Characterized by land cover units that, due to the spatial resolution of the satellite 
images, cannot be broken down further into specific components. For example, this 
classification might include family agriculture practiced in conjunction with the 
traditional cattle raising.  
Others 
Areas not encompassed by other categories such as rocky or mountain outcrops, 
river shores and sand banks, among others. 
Pasture with exposed 
soil (dirty) 
Pasture areas, exhibiting signs of severe degradation, containing at least 50% bare 
soil. 
Herbaceous  pasture 
(clean) 
Pasture in productive process with predominance of herbage and coverage between 
90 and 100% by different species of grass. 
Shrubby  pasture 
(dirty) 
Areas of pasture in productive process with predominance of herbage and coverage 
by species of grass between 50% and 80% associated to the presence of shrubby 
vegetation with coverage between 20% and 50%. 
Pasture with 
vegetation regrowth 
(dirty) 
Areas that were clear-cut, later developed as pasture and are at the beginning of a 
regenerative process containing shrubs and early successional vegetation.  
Reforestation* 
Large geometric homogeneous plantation of tree species, like Parica (Schizolobium 
parahyba), Teca (Tectona grandis) e Eucalipto (Eucalyptus sp). Similar to secondary 
vegetation. 
Secondary vegetation 
Areas that were clear-cut and are at an advanced stage of regeneration with trees 
and shrubs. Includes areas that were used for forestry (silviculture) or permanent 
agriculture with use of native or exotic species. 
Water** Water bodies: rivers, lakes, dam reservoir are part of the mask. 
Clouds** 
Clouds and clouds shadows on the ground are a constant presence in the amazon 
region. It is the reason for images selection in less cloudy period (july-september). 
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Table S 2.3 – Land use and land cover of annual crops, pastures: clean and dirty, secondary vegetation, in km2, mapped at the property level according to the forest code three size categories: 
small, medium and large, by the nine states of the Legal Amazon. (Sources: MMA and Terraclass (INPE-EMBRAPA)) 
Thematic 
category 
Property 
size 
Acre     Amazonas     Amapa     
  2004 2008 2010 2012 2014 2004 2008 2010 2012 2014 2004 2008 2010 2012 2014 
Crops small 0 0 0 1 6 0 6 4 3 13 0 0 0 0 0 
 med 0 0 3 5 25 0 6 2 6 3 0 0 0 0 0 
 large 0 0 0 19 34 44 78 27 40 75 0 0 0 0 0 
Herbaceous 
pasture small 6,476 7,779 8,414 8,330 8,115 1,618 2,708 2,349 3,233 3,367 30 90 26 26 92 
 med 946 1,081 1,114 1,072 1,099 553 799 909 960 934 16 41 13 14 31 
 large 3,084 3,287 3,595 3,401 3,704 864 1,556 1,820 1,951 2,042 14 38 25 13 50 
Other 
pastures small 2,132 953 613 1,486 2,436 1,131 1,289 1,855 1,176 1,608 62 113 97 47 150 
 med 283 119 117 201 248 325 384 273 206 306 12 32 32 14 37 
 large 904 510 326 643 653 769 838 465 412 450 28 61 25 13 39 
Secondary 
vegetation small 1,233 2,045 2,632 2,213 1,851 2,450 3,185 3,525 3,687 3,380 177 215 248 357 317 
 med 254 453 567 517 465 417 526 556 624 618 31 60 72 95 77 
 large 751 1,193 1,495 1,366 1,223 1,549 1,977 2,053 2,184 2,145 263 312 120 150 128 
Other uses small 1,048 1,362 789 883 873 1,381 1,179 996 1,054 1,563 35 157 70 54 112 
 med 208 251 183 253 290 251 104 116 125 178 7 15 15 15 32 
 large 370 533 335 415 458 595 400 380 405 588 13 18 47 22 64 
  
162 
 
Table S 2.3 (cont.) – Land use and land cover of annual crops, pastures: clean and dirty, secondary vegetation, in km2, mapped at the property level according to the forest code three size 
categories: small, medium and large, by the nine states of the Legal Amazon. (Sources: MMA and Terraclass (INPE-EMBRAPA)) 
 
Thematic 
category 
Property 
size 
Mato Grosso     Pará     Rondônia     
  2004 2008 2010 2012 2014 2004 2008 2010 2012 2014 2004 2008 2010 2012 2014 
Crops small 3,209 5,859 6,366 7,251 7,139 170 441 936 910 850 167 922 1,467 855 1,354 
 med 5,053 7,793 8,619 9,095 9,238 126 413 792 812 799 61 138 172 176 232 
 large 9,293 18,228 20,106 22,132 24,243 268 980 1,660 1,592 1,748 126 447 547 533 738 
Herbaceous 
pasture small 35,864 37,023 42,335 41,400 43,754 39,332 53,527 51,722 54,281 60,125 33,990 43,133 42,862 44,995 46,785 
 med 15,737 15,978 17,348 16,347 17,025 16,576 20,999 20,441 20,442 22,394 4,696 5,817 5,680 5,854 6,227 
 large 59,874 58,948 63,044 58,373 58,711 32,284 40,595 37,681 38,177 42,600 6,064 6,707 6,221 6,377 6,843 
Other 
pastures small 8,089 9,387 5,310 7,153 5,847 23,324 18,429 25,289 17,063 23,707 9,765 9,303 7,562 5,179 5,198 
 med 3,723 4,558 2,419 3,326 2,566 6,715 6,174 8,142 5,664 6,978 1,324 1,345 1,393 841 839 
 large 12,914 14,560 8,128 11,624 9,137 14,014 12,973 16,144 11,385 13,208 1,398 1,505 1,816 1,147 991 
Secondary 
vegetation small 5,289 7,575 8,898 8,334 8,003 17,980 24,337 27,331 27,329 26,670 6,956 9,480 10,671 12,538 10,683 
 med 3,053 4,470 5,049 4,857 4,998 5,549 7,309 8,045 7,954 7,812 973 1,332 1,479 1,803 1,574 
 large 9,430 15,566 16,912 16,790 17,327 13,759 18,790 19,772 18,076 19,234 1,003 1,532 1,704 2,304 1,933 
Other uses small 3,971 3,500 943 1,297 1,663 9,852 7,118 6,518 3,359 4,639 7,291 1,501 2,057 1,962 3,078 
 med 2,388 549 261 347 471 2,653 1,556 924 616 840 697 127 82 191 193 
 large 7,007 1,742 671 1,046 1,521 4,877 2,900 3,316 2,846 3,512 725 159 190 288 430 
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Table S 2.3 (cont.) – Land use and land cover of annual crops, pastures: clean and dirty, secondary vegetation, in km2, mapped at the property level according to the forest code three size 
categories: small, medium and large, by the nine states of the Legal Amazon. (Sources: MMA and Terraclass (INPE-EMBRAPA)) 
 
Thematic 
category 
Property 
size 
Maranhão     Roraima     Tocantins     
  2004 2008 2010 2012 2014 2004 2008 2010 2012 2014 2004 2008 2010 2012 2014 
Crops small 3 24 77 55 124 0 2 1 1 1 3 16 16 8 9 
 med 12 40 56 68 161 0 6 4 0 0 0 15 18 6 9 
 large 18 102 200 71 226 0 5 7 2 6 2 46 50 26 82 
Herbaceous 
pasture small 12,662 10,371 9,266 11,766 14,775 1,110 909 580 1,004 1,702 3,687 3,878 4,820 4,565 5,234 
 med 3,668 3,551 3,122 3,674 3,978 306 349 276 275 460 2,795 2,562 3,191 2,893 3,315 
 large 9,212 7,038 5,228 6,770 8,534 245 340 242 210 398 6,418 5,162 6,639 5,804 6,727 
Other 
pastures small 5,572 6,066 10,973 7,065 6,493 1,133 1,070 1,150 534 751 2,651 1,676 862 1,364 805 
 med 1,032 1,061 2,076 1,210 1,276 159 144 225 140 116 1,206 996 396 765 366 
 large 2,850 2,891 5,284 4,308 3,740 123 90 161 132 68 1,413 2,120 570 1,387 598 
Secondary 
vegetation small 2,495 6,152 5,799 7,318 8,052 544 1,152 1,500 1,657 1,653 832 2,178 2,042 1,844 1,770 
 med 640 1,304 1,157 1,301 1,461 127 198 265 290 317 454 1,132 1,084 990 1,031 
 large 2,075 4,678 3,647 4,816 5,280 77 112 159 173 183 740 1,807 1,765 1,690 1,729 
Other uses small 1,083 1,842 2,213 779 1,217 504 786 705 326 277 202 89 84 52 113 
 med 232 184 195 125 165 55 81 50 50 37 52 20 15 23 32 
 large 869 1,415 1,093 529 746 28 42 22 39 15 91 20 28 67 80 
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 Priority municipality list 
 
IBGE Code State Municipality In (year) In (Legal Act) Out (year) Out (Legal Act) 
5100250 MT ALTA FLORESTA 2008 Ordinance n 28/2008 2012 Ordinance n 187/2012 
1500602 PA ALTAMIRA 2008 Ordinance n 28/2008 
  
5101407 MT ARIPUANÃ 2008 Ordinance n 28/2008 
  
1501725 PA BRASIL NOVO 2008 Ordinance n 28/2008 2013 Ordinance n 412/2013 
5101902 MT BRASNORTE 2008 Ordinance n 28/2008 2013 Ordinance n 412/2013 
5103254 MT COLNIZA 2008 Ordinance n 28/2008 
  
5103353 MT CONFRESA 2008 Ordinance n 28/2008 
  
5103379 MT COTRIGUAÇU 2008 Ordinance n 28/2008 
  
1502764 PA CUMARU DO NORTE 2008 Ordinance n 28/2008 
  
1502939 PA DOM ELISEU 2008 Ordinance n 28/2008 2012 Ordinance n 324/2012 
5103858 MT GAÚCHA DO NORTE 2008 Ordinance n 28/2008 
  
5105150 MT JUÍNA 2008 Ordinance n 28/2008 
  
1302405 AM LÁBREA 2008 Ordinance n 28/2008 
  
1100130 RO MACHADINHO D'OESTE 2008 Ordinance n 28/2008 
  
5105580 MT MARCELÂNDIA 2008 Ordinance n 28/2008 2013 Ordinance n 412/2013 
5106158 MT NOVA BANDEIRANTES 2008 Ordinance n 28/2008 
  
1100338 RO NOVA MAMORÉ 2008 Ordinance n 28/2008 
  
5108907 MT NOVA MARINGÁ 2008 Ordinance n 28/2008 
  
5106240 MT NOVA UBIRATÃ 2008 Ordinance n 28/2008 
  
1505031 PA NOVO PROGRESSO 2008 Ordinance n 28/2008 
  
1505064 PA NOVO REPARTIMENTO 2008 Ordinance n 28/2008 
  
1505502 PA PARAGOMINAS 2008 Ordinance n 28/2008 2010 Ordinance n 67/2010 
5106299 MT PARANAÍTA 2008 Ordinance n 28/2008 
  
5106422 MT PEIXOTO DE AZEVEDO 2008 Ordinance n 28/2008 
  
1100189 RO PIMENTA BUENO 2008 Ordinance n 28/2008 
  
5106802 MT PORTO DOS GAÚCHOS 2008 Ordinance n 28/2008 
  
1100205 RO PORTO VELHO 2008 Ordinance n 28/2008 
  
5107065 MT QUERÊNCIA 2008 Ordinance n 28/2008 2011 Ordinance n 139/2011 
1506187 PA RONDON DO PARÁ 2008 Ordinance n 28/2008 
  
1506583 PA SANTA MARIA DAS BARREIRAS 2008 Ordinance n 28/2008 
  
1506708 PA SANTANA DO ARAGUAIA 2008 Ordinance n 28/2008 2012 Ordinance n 187/2012 
5107859 MT SÃO FÉLIX DO ARAGUAIA 2008 Ordinance n 28/2008 
  
1507300 PA SÃO FÉLIX DO XINGU 2008 Ordinance n 28/2008 
  
1508126 PA ULIANÓPOLIS 2008 Ordinance n 28/2008 2012 Ordinance n 324/2012 
5108600 MT VILA RICA 2008 Ordinance n 28/2008 
  
2100600 MA AMARANTE DO MARANHÃO 2009 Ordinance n 102/2009 
  
5103700 MT FELIZ NATAL 2009 Ordinance n 102/2009 2013 Ordinance n 412/2013 
1503705 PA ITUPIRANGA 2009 Ordinance n 102/2009 
  
5105101 MT JUARA 2009 Ordinance n 102/2009 
  
1504208 PA MARABÁ 2009 Ordinance n 102/2009 
  
1400308 RR MUCAJAÍ 2009 Ordinance n 102/2009 
  
1505486 PA PACAJÁ 2009 Ordinance n 102/2009 
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IBGE Code State Municipality In (year) In (Legal Act) Out (year) Out (Legal Act) 
1507953 PA TAILÂNDIA 2009 Ordinance n 102/2009 2013 Ordinance n 412/2013 
5100359 MT ALTO BOA VISTA 2011 Ordinance n 175/2011 
  
1300706 AM BOCA DO ACRE 2011 Ordinance n 175/2011 
  
5103056 MT CLÁUDIA 2011 Ordinance n 175/2011 
  
2104800 MA GRAJAÚ 2011 Ordinance n 175/2011 
  
1504703 PA MOJU 2011 Ordinance n 175/2011 
  
5107248 MT SANTA CARMEM 2011 Ordinance n 175/2011 
  
5108006 MT TAPURAH 2011 Ordinance n 175/2011 
  
1500859 PA ANAPU 2012 Ordinance n 323/2012 
  
1507805 PA SENADOR JOSÉ PORFÍRIO 2012 Ordinance n 323/2012     
Source:MMA 
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 Supplement material - Chapter 4 
Table S 4.1 - Correlation matrix of the initial variables (correlations > 0.65 are highlighted, underlined and bold). 
  Variables 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
1 Deforestation change (2004-2014) (km2) 1                 
2 Number of Fines (2004-2014)  -0.64 1                
3 Number of Embargoes (2005-2014) -0.73 0.87 1               
4 Nonforest areas (km2) 0.21 -0.17 -0.15 1              
5 Agriculture credits 2014 (R$)* -0.16 0.06 0.03 0.21 1             
6 Livestock credits 2014 (R$)* -0.40 0.30 0.28 0.08 0.21 1            
7 Heads of cattle (2014) -0.66 0.46 0.52 -0.07 0.03 0.82 1           
8 Soy (2014) (ton) -0.26 0.05 0.05 0.17 0.94 0.20 0.04 1          
9 Logging in 2014 (R$)* -0.20 0.30 0.28 -0.15 -0.03 0.03 0.09 -0.03 1         
10 Regular technical assistance -0.16 0.08 0.04 0.17 0.45 0.26 0.16 0.45 -0.02 1        
11 GDP (2010) -0.04 0.29 0.14 -0.04 0.06 0.06 0.03 0.03 0.06 0.03 1       
12 GDP per capita (2010) -0.04 0.13 0.03 0.08 0.30 0.15 0.07 0.24 -0.02 0.18 0.35 1      
13  GDP agriculture (2010) -0.32 0.28 0.26 0.00 0.66 0.30 0.30 0.58 0.23 0.30 0.16 0.21 1     
14 Companies (2014) (N) -0.08 0.41 0.22 -0.01 0.14 0.13 0.09 0.08 0.08 0.08 0.86 0.56 0.19 1    
15 Population density (2010) 0.05 0.07 -0.01 -0.09 -0.03 -0.08 -0.08 -0.04 -0.03 -0.03 0.32 0.27 -0.04 0.43 1   
16 Non-native population (2010) -0.32 0.18 0.15 0.02 0.26 0.38 0.34 0.31 -0.09 0.38 0.01 0.12 0.12 0.03 -0.01 1  
17 Gini index (2010) 0.01 0.04 0.05 -0.09 -0.15 -0.16 -0.06 -0.17 0.09 -0.25 0.04 -0.06 -0.04 0.03 -0.05 -0.42 1 
18 Land value (2006) (R$ x 1,000)* -0.52 0.36 0.36 -0.01 0.26 0.79 0.83 0.25 0.08 0.30 0.07 0.15 0.44 0.14 -0.08 0.38 -0.10 
19 Roads (km) -0.62 0.44 0.45 0.12 0.35 0.65 0.71 0.38 0.18 0.29 0.10 0.16 0.52 0.15 -0.09 0.27 0.00 
20 Roads junctions (n) -0.54 0.40 0.38 0.06 0.33 0.57 0.62 0.36 0.17 0.25 0.16 0.18 0.52 0.21 -0.05 0.24 -0.03 
21 Settlements (2014) (km2) -0.23 0.27 0.31 -0.21 -0.05 0.09 0.23 -0.05 0.26 -0.09 0.03 -0.04 0.20 0.03 -0.06 -0.05 0.20 
22 Strict Preservation Protected Areas (km2) -0.17 0.24 0.31 -0.10 -0.04 -0.04 0.11 -0.05 0.07 -0.05 0.03 -0.02 0.08 0.03 -0.04 -0.08 0.17 
23 Sustainable use Protected areas (km2) -0.10 0.20 0.28 -0.15 -0.06 -0.09 0.03 -0.06 0.13 -0.08 0.03 -0.03 0.09 0.01 -0.04 -0.19 0.23 
24 Indigenous Lands (km2) -0.23 0.19 0.25 -0.11 -0.01 0.01 0.17 -0.01 0.03 -0.01 0.00 -0.01 0.06 0.00 -0.04 -0.11 0.28 
25 CAR share  -0.14 0.02 0.02 0.18 0.24 0.40 0.29 0.24 -0.03 0.31 -0.05 0.08 0.18 -0.01 -0.14 0.55 -0.37 
26 CAR (km2) -0.53 0.43 0.52 -0.08 0.19 0.37 0.50 0.23 0.25 0.16 0.04 0.06 0.36 0.07 -0.10 0.03 0.16 
27 CAR - small properties (km2) -0.50 0.52 0.56 -0.22 0.01 0.35 0.54 0.02 0.36 -0.04 0.04 0.00 0.36 0.08 -0.09 0.11 0.16 
28 CAR - medium properties (km2) -0.52 0.45 0.53 0.01 0.23 0.35 0.49 0.26 0.14 0.13 0.08 0.07 0.33 0.10 -0.08 0.09 0.12 
29 CAR - large properties (km2) -0.41 0.30 0.38 -0.05 0.18 0.28 0.37 0.21 0.21 0.17 0.02 0.05 0.29 0.04 -0.08 -0.04 0.14 
30 Fires (number of hotspots) -0.81 0.59 0.73 -0.01 0.12 0.40 0.68 0.18 0.22 0.11 0.03 0.02 0.35 0.08 -0.08 0.14 0.12 
31 Rainfall (mm/year) -0.07 0.08 0.08 -0.44 -0.09 -0.19 -0.10 -0.07 0.16 -0.14 0.04 -0.09 0.02 0.00 0.05 -0.17 0.20 
32 Average temperature (oC) 0.16 -0.12 -0.09 -0.21 -0.34 -0.39 -0.32 -0.32 0.08 -0.35 0.03 -0.15 -0.24 -0.02 0.13 -0.46 0.20 
33 Maximum temp (oC)** 0.20 -0.16 -0.12 -0.11 -0.30 -0.37 -0.33 -0.28 0.05 -0.32 0.02 -0.12 -0.23 -0.01 0.11 -0.47 0.15 
34 Priority municipalities -0.66 0.47 0.47 -0.15 0.09 0.26 0.39 0.18 0.18 0.13 0.01 0.01 0.20 0.03 -0.04 0.20 0.04 
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35 Municipality area (km2) -0.33 0.35 0.43 -0.14 0.02 0.08 0.26 0.03 0.17 -0.01 0.03 0.00 0.19 0.04 -0.07 -0.14 0.32 
 Variables 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 
18 Land value (2006) (R$ x 1,000) 1                  
19 Roads 0.71 1                 
20 Roads junctions 0.63 0.93 1                
21 Settlements (2014) (km2) 0.16 0.20 0.16 1               
22 Strict Preservation Protected Areas (km2) 0.04 0.13 0.07 0.22 1              
23 Sustainable use Protected areas (km2) -0.02 0.04 0.01 0.32 0.73 1             
24 Indigenous Lands (km2) 0.10 0.17 0.11 0.16 0.52 0.37 1            
25 CAR share  0.36 0.24 0.22 0.04 -0.24 -0.17 -0.28 1           
26 CAR (km2) 0.47 0.58 0.48 0.53 0.39 0.59 0.29 0.15 1          
27 CAR - small properties (km2) 0.44 0.47 0.38 0.74 0.27 0.28 0.20 0.15 0.58 1         
28 CAR - medium properties (km2) 0.43 0.57 0.48 0.44 0.29 0.28 0.28 0.13 0.66 0.47 1        
29 CAR - large properties (km2) 0.37 0.47 0.39 0.38 0.38 0.64 0.27 0.11 0.95 0.38 0.48 1       
30 Fires (number of hotspots) 0.52 0.70 0.57 0.33 0.26 0.18 0.30 0.06 0.62 0.58 0.59 0.49 1      
31 Rainfall (mm/year) -0.10 -0.13 -0.08 0.19 0.18 0.23 0.20 -0.26 0.14 0.13 0.03 0.13 -0.04 1     
32 Average temperature (oC) -0.37 -0.32 -0.31 0.05 0.00 0.03 -0.06 -0.37 -0.16 -0.07 -0.19 -0.14 -0.15 0.21 1    
33 Maximum temp (oC)** -0.37 -0.30 -0.30 0.02 -0.02 0.01 -0.10 -0.34 -0.18 -0.11 -0.20 -0.14 -0.16 0.09 0.97 1   
34 Priority municipalities 0.34 0.42 0.35 0.15 0.05 0.04 0.11 0.13 0.38 0.35 0.31 0.31 0.50 0.04 -0.08 -0.11 1  
35 Municipality area (km2) 0.19 0.32 0.23 0.37 0.78 0.74 0.79 -0.24 0.67 0.40 0.49 0.64 0.44 0.28 -0.05 -0.09 0.19 1 
* Values deflated to Jun/2016 in Brazilian Reais (R$) using the General Prices Index (IGP-M, brazilian acronym) 
** In the hottest quarter of the year (June/July/August) 
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Table S 4.2 - Results of the OLS regression model 
 
 
 
Deforestation change 2004-2014 Coef. Std. Err. t P>t 
Number of Fines (2004-2014) -0.096 0.008 -11.42 0.000 
Priority Municipalities -71.670 5.736 -12.49 0.000 
Non-forest area share 23.696 4.663 5.08 0.000 
Agriculture loans value 2004-2014 0.000 0.004 -0.09 0.925 
Livestock loans value 2004-2014 0.013 0.016 0.78 0.433 
In-migrants in 2010 -0.545 0.086 -6.34 0.000 
Roands/Highways junctions (km) -0.225 0.039 -5.81 0.000 
GDP per capita 0.053 0.019 2.78 0.006 
CAR -0.006 0.001 -8.53 0.000 
Settlements area 2014 0.005 0.002 3.30 0.001 
Strict Preservation PA 2014 -0.002 0.001 -2.65 0.008 
Sustainable Use PA 2014 0.006 0.001 5.92 0.000 
Indigenous Lands 2014 -0.001 0.000 -3.36 0.001 
Rainfall (mm/year) 0.000 0.004 0.11 0.913 
Average Temp hottest Quarter (Jun-Aug) (oC) -4.005 1.775 -2.26 0.024 
_cons 128.365 50.434 2.55 0.011 
 
  
       Total    4321317.02       759  5693.43481   Root MSE        =    41.506
                                                   Adj R-squared   =    0.6974
    Residual    1281739.74       744  1722.76847   R-squared       =    0.7034
       Model    3039577.28        15  202638.485   Prob > F        =    0.0000
                                                   F(15, 744)      =    117.62
      Source         SS           df       MS      Number of obs   =       760
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Table S 4.3 - Deforestation SAC model results. 
 
Deforestation change 2004-2014 Coef. Std. Err. z P>z 
Number of Fines (2004-2014) -0.095 0.025 -3.85 0.000 
Priority Municipalities -62.366 13.693 -4.55 0.000 
Non-forest area share 26.159 6.859 3.81 0.000 
Agriculture loans value 2004-2014 0.004 0.007 0.56 0.576 
Livestock loans value 2004-2014 0.011 0.026 0.44 0.658 
In-migrants in 2010 -0.316 0.102 -3.08 0.002 
Roands/Highways junctions (km) -0.201 0.085 -2.36 0.018 
GDP per capita 0.047 0.022 2.12 0.034 
CAR -0.006 0.002 -2.71 0.007 
Settlements area 2014 0.006 0.002 2.90 0.004 
Strict Preservation PA 2014 -0.002 0.001 -2.04 0.041 
Sustainable Use PA 2014 0.006 0.003 2.26 0.024 
Indigenous Lands 2014 -0.001 0.001 -1.14 0.254 
Rainfall (mm/year) 0.002 0.008 0.23 0.819 
Average Temp hottest Quarter (Jun-Aug) (oC) -2.081 3.311 -0.63 0.530 
_cons 101.447 92.286 1.10 0.272 
Wdef     
deforestation change 2004-2014 1.662 0.460 3.61 0 
e.deforestation change 2004-2014 2.117 0.224 9.44 0 
Wald test of spatial terms:          chi2(2) = 113.69     Prob > chi2 = 0.0000     
 
  
                                                Pseudo R2         =     0.1574
                                                Prob > chi2       =     0.0000
GS2SLS estimates                                Wald chi2(16)     =     285.80
Spatial autoregressive model                    Number of obs     =        760
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Table S 4.4 - Amazon and Cerrado annual deforestation rates (km2,) and annual percentage of forest loss. (Source: INPE)  
Year 
Deforestation rates 
(km2) 
Biome percentage 
deforested 
Amazon* Cerrado** Amazon Cerrado 
2002 21,651 27,663 0.52% 1.36% 
2003 25,396 26,489 0.61% 1.30% 
2004 27,772 26,489 0.66% 1.30% 
2005 19,014 15,837 0.45% 0.78% 
2006 14,286 15,837 0.34% 0.78% 
2007 11,651 13,272 0.28% 0.65% 
2008 12,911 13,272 0.31% 0.65% 
2009 7,464 8,765 0.18% 0.43% 
2010 7,000 8,765 0.17% 0.43% 
2011 6,418 8,710 0.15% 0.43% 
2012 4,571 8,710 0.11% 0.43% 
2013 5,891 11,778 0.14% 0.58% 
2014 5,012 9,003 0.12% 0.44% 
2015 6,207 10,064 0.15% 0.49% 
2016 7,893 5,960 0.19% 0.29% 
2017 6,947 6,397 0.17% 0.31% 
 Biomes total area (km2)*** 4,196,943 2,036,448 
* Prodes Amazonia: http://www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes (accessed on 24 Sep 2018). 
** Prodes Cerrado: http://www.obt.inpe.br/OBT/noticias/inpe-divulga-dados-sobre-o-desmatamento-do-bioma-cerrado  (accessed on 24 
Sep 2018). 
*** Source (IBGE, 2010)  https://ww2.ibge.gov.br/home/presidencia/noticias/21052004biomashtml.shtm) (accessed on 06 Nov 2016). 
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Figure S 4.1 - Selected variables/covariates distributed by the 760 municipalities (spatial and scatterplot) for the 
spatial cross-section analysis: A) deforestation change 2004-2014; B) number of fines; C) priority municipalities; 
D) non-forest area; E) public loans for agriculture; F) public loans for livestock; G) in-migrants population; H) 
roads/highways junctions; I) GDP per capita; J) CAR; K) settlements; L) strict preservation protected areas; M) 
sustainable use protected areas; N) indigenous lands; O) annual rainfall; and P) maximum temperature of the 
hottest quarter (jun-jul-aug). 
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Figure S 4.1 (cont.)- Selected variables/covariates distributed by the 760 municipalities for the spatial cross-
section analysis: A) deforestation change 2004-2014; B) number of fines; C) priority municipalities; D) non-forest 
area; E) public loans for agriculture; F) public loans for livestock; G) in-migrants population; H) roads/highways 
junctions; I) GDP per capita; J) CAR; K) settlements; L) strict preservation protected areas; M) sustainable use 
protected areas; N) indigenous lands; O) annual rainfall; and P) maximum temperature of the hottest quarter 
(jun-jul-aug). 
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Figure S 4.1 (cont.)- Selected variables/covariates distributed by the 760 municipalities (spatial and scatterplot) 
for the spatial cross-section analysis: A) deforestation change 2004-2014; B) number of fines; C) priority 
municipalities; D) non-forest area; E) public loans for agriculture; F) public loans for livestock; G) in-migrants 
population; H) roads/highways junctions; I) GDP per capita; J) CAR; K) settlements; L) strict preservation 
protected areas; M) sustainable use protected areas; N) indigenous lands; O) annual rainfall; and P) maximum 
temperature of the hottest quarter (jun-jul-aug). 
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 Figure S 4.1 (cont.) Selected variables/covariates distributed by the 760 municipalities (spatial and scatterplot) 
for the spatial cross-section analysis: A) deforestation change 2004-2014; B) number of fines; C) priority 
municipalities; D) non-forest area; E) public loans for agriculture; F) public loans for livestock; G) in-migrants 
population; H) roads/highways junctions; I) GDP per capita; J) CAR share; K) settlements; L) strict preservation 
protected areas; M) sustainable use protected areas; N) indigenous lands; O) annual rainfall; and P) maximum 
temperature of the hottest quarter (jun-jul-aug). 
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Figure 4.1 S (cont.) Selected variables/covariates distributed by the 760 municipalities (spatial and scatterplot) 
for the spatial cross-section analysis: A) deforestation change 2004-2014; B) number of fines; C) priority 
municipalities; D) non-forest area; E) public loans for agriculture; F) public loans for livestock; G) in-migrants 
population; H) roads/highways junctions; I) GDP per capita; J) CAR share; K) settlements; L) strict preservation 
protected areas; M) sustainable use protected areas; N) indigenous lands; O) annual rainfall; and P) maximum 
temperature of the hottest quarter (jun-jul-aug). 
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Figure 4.1 S (cont.) Selected variables/covariates distributed by the 760 municipalities (spatial and scatterplot) 
for the spatial cross-section analysis: A) deforestation change 2004-2014; B) number of fines; C) priority 
municipalities; D) non-forest area; E) public loans for agriculture; F) public loans for livestock; G) in-migrants 
population; H) roads/highways junctions; I) GDP per capita; J) CAR share; K) settlements; L) strict preservation 
protected areas; M) sustainable use protected areas; N) indigenous lands; O) annual rainfall; and P) maximum 
temperature of the hottest quarter (jun-jul-aug). 
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 Supplement material – Chapter 5 
 
Table S 5.1 – Initial group of pre-policy variables for correlation check. 
Outcomes  
Deforestation  
Pastureland 
Annual agriculture 
Natural regeneration 
Pre-policy variables 
Municipality area (tousand km2) 
Population density (2007) 
Fines (2002-2005) 
Deforestation rate per municipality area (2002-2004) 
Fines(N) per deforested area (km2) (2003-2005) 
Agricultural loans 2004 (cattle and agriculture) (Million R$) 
Tractors per farm  (2006) 
Soy price (2005) 
Total GDP 2004 (Million R$) 
Forest share 2004 (TerraClass) 
Non-forest area share 2004 
Strict Preservation Protected Areas share (2004) 
Sustainable use Protected areas share (2004) 
Indigenous Lands share (2004) 
Settlements share (2004) 
Rainfall (mm) 
Temperature (max) for the hottest quarter 
Roads/Highways density 
Number of roads/highways junctions 
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Table S 5.2 - Correlation matrix of the initial variables. 
  Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
1 Municipality area (tousand km2) 1.00                  
2 Population density (2007) -0.08 1.00                 
3 Fines 2002 0.17 0.09 1.00                
4 Fines 2003 0.12 0.30 0.65 1.00               
5 Fines 2004 0.15 0.08 0.69 0.66 1.00              
6 Fines 2005 0.19 0.10 0.65 0.65 0.77 1.00             
7 Deforestation rate per municipality area (2002) -0.17 0.21 0.10 0.03 0.05 0.03 1.00            
8 Deforestation rate per municipality area (2003) -0.16 0.01 0.05 0.02 0.04 0.01 0.19 1.00           
9 Deforestation rate per municipality area (2004) -0.16 0.02 0.21 0.10 0.21 0.18 0.46 0.39 1.00          
10 Deforestation rate per municipality area (2005) -0.19 -0.02 0.09 0.01 0.09 0.07 0.40 0.36 0.66 1.00         
11 2003 Fines(N) per deforested area (km2) -0.03 0.17 0.12 0.25 0.09 0.09 -0.09 -0.07 -0.08 -0.09 1.00        
12 2004 Fines(N) per deforested area (km2) -0.03 0.19 0.10 0.28 0.16 0.12 -0.08 -0.11 -0.15 -0.14 0.33 1.00       
13 2005 Fines(N) per deforested area (km2) -0.01 0.48 0.25 0.65 0.28 0.30 -0.08 -0.07 -0.11 -0.14 0.43 0.43 1      
14 Agricultural loans 2004* (cattle and agriculture) (Million R$) 0.03 -0.03 0.24 0.18 0.21 0.18 0.05 0.05 0.18 0.03 -0.02 -0.05 -0.04 1     
15 Agriculture loans 2004* (Million R$) 0.01 -0.03 0.14 0.14 0.13 0.09 0.04 0.05 0.15 0.00 -0.02 -0.04 -0.03 0.97 1    
16 Livestock loans 2004* (Million R$) 0.07 -0.04 0.46 0.23 0.38 0.38 0.05 0.02 0.17 0.13 -0.01 -0.05 -0.03 0.32 0.09 1   
17 Tractors per farm  (2006) 0.00 -0.04 0.03 0.02 0.02 0.02 -0.01 0.02 0.09 0.00 -0.03 -0.02 -0.04 0.65 0.68 0.04 1  
18 Soy price (2005) 0.02 -0.07 0.21 0.10 0.16 0.17 0.03 0.01 0.14 0.07 -0.06 -0.09 -0.08 0.41 0.37 0.24 0.36 1 
19 Total GDP 2004 (Million R$) 0.02 0.31 0.31 0.47 0.32 0.31 0.03 -0.03 -0.02 -0.05 0.13 0.19 0.56 0.08 0.06 0.11 0.03 0.01 
20 Forest share 2004 (TerraClass) 0.51 -0.06 0.11 0.07 0.17 0.17 -0.13 -0.11 -0.08 -0.14 -0.02 0.01 0.01 -0.13 -0.11 -0.11 -0.15 -0.16 
21 Non-forest area share 2004 -0.05 -0.08 -0.08 -0.07 -0.08 -0.07 -0.17 -0.17 -0.21 -0.14 0.03 0.11 -0.02 0.26 0.28 -0.01 0.37 0.33 
22 Strict Preservation Protected Areas share (2004) 0.14 -0.04 0.01 0.00 0.09 0.09 -0.10 -0.11 -0.09 -0.11 0.01 -0.02 0.07 -0.05 -0.05 -0.03 -0.05 -0.05 
23 Sustainable Use Protected areas share (2004) 0.12 -0.05 0.01 0.04 0.03 0.05 -0.12 -0.09 -0.13 -0.14 -0.02 -0.04 -0.03 -0.08 -0.07 -0.05 -0.09 -0.07 
24 Indigenous Lands share (2004) 0.37 -0.08 0.07 0.03 0.15 0.11 -0.13 -0.15 -0.11 -0.14 -0.02 -0.03 -0.03 0.05 0.04 0.08 0.09 0.04 
25 Settlements share (2004) -0.06 -0.04 -0.09 -0.06 -0.04 -0.07 -0.02 0.07 0.00 0.02 -0.06 0.00 -0.05 -0.04 -0.03 -0.03 0.02 0.04 
26 Rainfall -0.03 -0.02 0.01 -0.05 -0.03 -0.07 0.07 -0.07 0.01 0.01 -0.04 -0.10 -0.06 0.09 0.09 0.00 0.14 0.11 
27 Temperature (max)** -0.07 0.11 -0.16 -0.06 -0.25 -0.12 0.03 -0.01 -0.13 -0.13 0.08 0.12 0.13 -0.27 -0.20 -0.35 -0.24 -0.26 
28 Roads/highways density -0.44 0.12 -0.09 -0.08 -0.14 -0.14 0.32 0.29 0.28 0.27 -0.08 -0.13 -0.08 0.07 0.05 0.08 0.06 0.06 
29 Number of roads/highways junctions 0.19 -0.06 0.38 0.22 0.29 0.36 0.06 0.08 0.24 0.12 -0.07 -0.09 -0.05 0.41 0.31 0.50 0.25 0.39 
* Values deflated to Jun/2016 in Brazilian Reais (R$) using the General Prices Index (IGP-M, brazilian acronym) 
** In the hottest quarter of the year (June/July/August) 
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Table S 5.2 (cont.)  - Correlation matrix of the initial variables. 
 
 
 
 
 
 
 
 
 
 
 
 
  Variable 19 20 21 22 23 24 25 26 27 28 29 
19 Total GDP 2004 (Million R$) 1           
20 Forest share 2004 (TerraClass) 0.02 1          
21 Non-forest area share 2004 -0.04 -0.35 1         
22 Strict Preservation Protected Areas share (2004) 0.04 0.22 0.11 1        
23 Sustainable Use Protected areas share (2004) -0.01 0.34 -0.12 0.02 1       
24 Indigenous Lands share (2004) -0.03 0.31 0.10 0.14 -0.03 1      
25 Settlements share (2004) -0.05 -0.05 -0.02 0.13 0.10 -0.04 1     
26 Rainfall -0.03 -0.04 0.03 -0.08 -0.06 -0.01 -0.09 1    
27 Temperature (max) for the hottest quarter 0.06 0.00 -0.07 -0.10 0.04 -0.30 -0.06 -0.08 1   
28 Roads/highways density -0.01 -0.66 -0.05 -0.25 -0.27 -0.33 0.08 -0.01 -0.06 1  
29 Number of roads/highways junctions 0.15 -0.01 0.13 -0.06 -0.07 0.09 -0.04 0.01 -0.29 0.16 1 
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Table S 5.3 - Gini Index for land tenure results.  
 
 
 
 
 
The Gini Index for land tenure41was estimated by using all the 17 categories of farm size presented in 
the Agricultural Census for 2006 and 2017 (IBGE, 2009; IBGE, 2018), in which total farms and total 
area for each category of farm size, for each municipality, were included.  
This is a test for paired means, i.e. the means are not randomly distributed, but always refer to the 
same municipality before and after.  
Here, the Gini Index for land tenure results, comparing before (Census 2006) and after 2008 (Census 
2017) do not reject the null hypothesis: land tenure has not changed. Therefore, although CAR is 
recent, there is evidence that the phenomena analyzed for small private properties and medium-
large should not have changed. 
                                                          
41 Procedure developed in partnership with PhD Rafael Feltran Barbieri, currently a Natural Infrastructure and 
Land Use Economist at WRI Brazil.  
 Pr(T < t) = 1.0000         Pr(|T| > |t|) = 0.0000          Pr(T > t) = 0.0000
 Ha: mean(diff) < 0           Ha: mean(diff) != 0           Ha: mean(diff) > 0
 Ho: mean(diff) = 0                              degrees of freedom =      768
     mean(diff) = mean(fund_gini_06 - fund_gini_17)               t =   5.0622
                                                                              
    diff       769    .0204968     .004049     .112282    .0125484    .0284452
                                                                              
fund_~17       769    .6963688     .004396    .1219058    .6877392    .7049985
fund_~06       769    .7168656    .0048194    .1336461    .7074049    .7263264
                                                                              
Variable       Obs        Mean    Std. Err.   Std. Dev.   [95% Conf. Interval]
                                                                              
Paired t test
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 Supplement material – Chapter 6 
 
Table S 6.1 - Basic statistics of the initial group of variables. 
Variable  
description 
Variable 
abreviation 
Obs Mean Std. Dev. Min Max 
Natural regeneration persistent (km2) secveg_per 657 63.1  91.7  0.0 728.0 
Number of Fines (2004-2014)  ai_n_04_14 657 107.2  240.1  0.0 3,134.0 
Embargoes (2005-2014) emb_05_14 657 29.4  77.0  0.0 1,157.0 
CAR share (km2) car_share 657 2,166.2  3,966.5  0.0 40,512.5 
Agriculture persistence (km2) agr_pers 657 23.5  159.0  0.0 2,977.9 
Clean pasture persistence (km2) c_pers 657 218.1  384.0  0.0 2,846.5 
Agriculture credits 2014 (R$)* credagr_v~14 657 115.5  424.3  0.0 4,868.9 
Livestock credits 2014 (R$)* credpec_v~14 657 97.8  136.1  0.0 960.0 
Heads of cattle (2014) cattle2014 657 116,213.3  174,931.3  20.0 2,213,310.0 
Soy (2014) (ha) soy2014 657 13,677.9  52,949.9  0.0 635,000.0 
Regular technical assistence regater 657 17.6  17.3  0.0 82.6 
Roads (km) roads_ibge 657 484.0  588.5  0.0 4,820.5 
Roads junctions (n) roads_junc~e 657 43.6  57.5  0.0 553.0 
Land value (2006) (R$)* landval~2006 657 127,606.9  170,046.9  0.0 1,424,228.0 
Population density (2010) popdens~2010 657 25.8  131.7  0.0 2,465.9 
Rural population density (2010) poprura~2010 657 7.0  19.9  0.0 320.6 
Non-native population (2010) popnaon~2010 657 43.6  22.8  3.3 96.4 
Gini index (2010) gini2010 657 0.6  0.1  0.4 0.8 
Fires fire04-14 657 1,748.2 3,073.3 1.0 44,734.0 
Rainfall (mm/year) rainfall 657 1,959.0  400.6  1,127.0 3,362.0 
Average temperature (oC) temp_med 657 25.9  1.1  22.2 27.5 
Nonforest areas (km2) nonforest 657 1,066.7  2,325.5  0.0 19,956.3 
Municipality area (km2) area_mun 657 7,240.0  14,562.7  66.3 159,533.3 
* Values deflated to Jun/2016 in Brazilian Reais (R$) using the General Prices Index (IGP-M, brazilian acronym)  
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Table S 6.2 – Correlation matrix of the initial variables (correlations > 0.65 are underlined and bold). 
 Initial variables 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
1 Secondary vegetation persistent (km2) 1                       
2 Number of Fines (2004-2014)  0.49 1                      
3 Embargoes (2005-2014) 0.46 0.87 1                     
4 CAR share (km2) 0.52 0.42 0.50 1                    
5 Agriculture persistence (km2) 0.12 0.09 0.07 -0.04 1                   
6 Clean pasture persistence (km2) 0.43 0.31 0.32 0.19 -0.01 1                  
7 Agriculture credits 2014 (R$)* 0.06 0.06 0.03 -0.06 0.62 0.00 1                 
8 Livestock credits 2014 (R$)* 0.30 0.30 0.28 0.15 0.07 0.73 0.22 1                
9 Heads of cattle (2014) 0.47 0.45 0.51 0.36 -0.02 0.80 0.04 0.82 1               
10 Soy (2014) (ha) 0.10 0.05 0.05 -0.07 0.71 0.03 0.94 0.21 0.04 1              
11 Regular technical assistence 0.08 0.08 0.04 -0.01 0.30 0.17 0.45 0.28 0.18 0.46 1             
12 Roads (km) 0.52 0.45 0.46 0.32 0.18 0.51 0.34 0.67 0.73 0.38 0.30 1            
13 Roads junctions (n) 0.48 0.40 0.38 0.25 0.15 0.46 0.32 0.58 0.63 0.36 0.27 0.94 1           
14 Land value (2006) (R$)* 0.45 0.35 0.35 0.27 0.12 0.73 0.26 0.80 0.83 0.25 0.31 0.73 0.63 1          
15 Population density (2010) -0.09 0.05 -0.01 -0.08 -0.02 -0.08 -0.03 -0.08 -0.09 -0.04 -0.04 -0.09 -0.06 -0.09 1         
16 Rural population density (2010) -0.14 -0.09 -0.09 -0.14 -0.05 -0.14 -0.08 -0.16 -0.15 -0.08 -0.08 -0.16 -0.11 -0.16 0.37 1        
17 Non-native population (2010) 0.05 0.18 0.15 -0.12 0.22 0.42 0.28 0.40 0.35 0.33 0.41 0.31 0.27 0.38 -0.02 -0.11 1       
18 Gini index (2010) 0.16 0.04 0.05 0.27 -0.11 -0.11 -0.17 -0.17 -0.07 -0.19 -0.27 -0.04 -0.06 -0.12 -0.05 -0.08 -0.42 1      
19 Fires 0.57 0.62 0.75 0.50 0.11 0.43 0.10 0.42 0.70 0.17 0.12 0.69 0.56 0.54 -0.09 -0.14 0.19 0.07 1     
20 Rainfall (mm/year) 0.13 0.05 0.05 0.18 -0.03 -0.13 -0.08 -0.26 -0.17 -0.07 -0.16 -0.15 -0.10 -0.16 0.04 -0.01 -0.25 0.25 -0.04 1    
21 Average temperature (oC) -0.07 -0.15 -0.11 -0.02 -0.13 -0.37 -0.35 -0.44 -0.36 -0.33 -0.37 -0.34 -0.34 -0.41 0.13 0.23 -0.51 0.20 -0.17 0.21 1   
22 Nonforest areas (km2) 0.02 0.05 0.06 0.15 0.08 0.03 0.34 0.38 0.27 0.34 0.27 0.53 0.42 0.33 -0.07 -0.14 0.06 0.03 0.27 -0.17 -0.218 1  
23 Municipality area (km2) 0.44 0.34 0.42 0.67 0.01 0.10 0.02 0.07 0.24 0.03 -0.01 0.31 0.22 0.18 -0.08 -0.14 -0.15 0.34 0.44 0.26 -0.06 0.32 1 
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Table S 6.3 - Results of the OLS regression model 
 
 
 
Secondary Vegetation Persistence Coef. Std. Err. t P>t 
Number of Fines (2004-2014) 0.046 0.013 3.540 0.000 
Non-forest area -55.702 9.682 -5.750 0.000 
Priority Municipalities 28.972 8.535 3.390 0.001 
CAR area 0.006 0.001 8.100 0.000 
Agriculture persistence 0.046 0.016 2.810 0.005 
Clean Pasture persistence 0.045 0.009 5.260 0.000 
Roads/Highways (km2) 0.050 0.006 8.370 0.000 
In-migrants in 2010 -0.359 0.139 -2.580 0.010 
Population Density in 2010 -0.032 0.019 -1.670 0.095 
Rainfall (mm/year) 0.014 0.007 2.060 0.040 
Average Temp (oC) 5.354 2.792 1.920 0.056 
_cons 130.801 76.735 -1.700 0.089 
 
 
  
       Total    5510538.41       656  8400.21099   Root MSE        =    62.245
                                                   Adj R-squared   =    0.5388
    Residual    2499031.61       645  3874.46761   R-squared       =    0.5465
       Model     3011506.8        11  273773.345   Prob > F        =    0.0000
                                                   F(11, 645)      =     70.66
      Source         SS           df       MS      Number of obs   =       657
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Table S 6.4 - Natural regeneration persistence SAC model results. 
 
 
 
Secondary Vegetation Persistence Coef. Std. Err. z P>z 
Number of Fines (2004-2014) 0.043 0.016 2.73 0.006 
Non-forest area -64.690 9.252 -6.99 0.000 
Priority Municipalities 28.205 14.095 2.00 0.045 
CAR area 0.004 0.001 3.19 0.001 
Agriculture persistence 0.039 0.029 1.33 0.183 
Clean Pasture persistence 0.043 0.012 3.69 0.000 
Roads/Highways (km2) 0.049 0.012 4.17 0.000 
In-migrants in 2010 -0.795 0.174 -4.56 0.000 
Population Density in 2010 0.000 0.009 -0.03 0.974 
Rainfall (mm/year) 0.009 0.012 0.72 0.469 
Average Temp (oC) 7.299 3.723 1.96 0.050 
_cons 228.048 110.620 -2.06 0.039 
W     
secveg_per 1.442 0.429 3.360 0.001 
e.secveg_per 3.038 0.518 5.870 0.000 
Wald test of spatial terms:          chi2(2) = 48.91      Prob > chi2 = 0.0000   
 
  
                                                Pseudo R2         =     0.4394
                                                Prob > chi2       =     0.0000
GS2SLS estimates                                Wald chi2(12)     =     335.19
Spatial autoregressive model                    Number of obs     =        657
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Figure S 6.1  – Distribution by the 657 municipalities of the selected variables/covariates (spatial and 
scatterplot) for the spatial cross-section analysis: A) natural restoration persistence; B) number of fines; C) 
priority municipalities; D) agriculture persistence; E) clean pasture persistence; F) non-forest share ; G) CAR 
share; H) population density; I) in-migrants population; J) roads/highways; K) annual rainfall; and L) annual 
average temperature. 
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Figure S 6.1  (cont.)– Distribution by the 657 municipalities of the selected variables/covariates (spatial and 
scatterplot) for the spatial cross-section analysis: A) natural restoration persistence; B) number of fines; C) 
priority municipalities; D) agriculture persistence; E) clean pasture persistence; F) non-forest share ; G) CAR 
share; H) population density; I) in-migrants population; J) roads/highways; K) annual rainfall; and L) annual 
average temperature. 
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Figure S 6.1 (cont.) – Distribution by the 657 municipalities of the selected variables/covariates ((spatial and 
scatterplot) for the spatial cross-section analysis: A) natural restoration persistence; B) number of fines; C) 
priority municipalities; D) agriculture persistence; E) clean pasture persistence; F) non-forest share ; G) CAR 
share; H) population density; I) in-migrants population; J) roads/highways; K) annual rainfall; and L) annual 
average temperature. 
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Figure S 6.1 (cont.) – Distribution by the 657 municipalities of the selected variables/covariates ((spatial and 
scatterplot) for the spatial cross-section analysis: A) natural restoration persistence; B) number of fines; C) 
priority municipalities; D) agriculture persistence; E) clean pasture persistence; F) non-forest share ; G) CAR 
share; H) population density; I) in-migrants population; J) roads/highways; K) annual rainfall; and L) annual 
average temperature. 
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